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ABSTRACT 
The animal kingdom contains a spectacular diversity in colour signals used to indicate 
quality. The challenge of understanding this diversity lies in identifying and interpreting 
constraints on signals that maintain signal honesty. I used an integrative approach to 
measure the effects of potential signal modulators on whole-animal performance, 
ornaments, condition and immunocompetence in the lizard P. i. wilhelmi. This approach 
attempts to remove some of the uncertainty surrounding the validity of existing handicap 
models. First, I investigated seasonal changes in testosterone, corticosterone and 
carotenoids and compared these to seasonal changes in endurance, immunocompetence 
and body condition male P. i. wilhelmi. I also determined which colour patches were 
predictors of male quality by relating them to morphology, endurance, body condition 
and immunocompetence. I found some support for the immunocompetence handicap 
hypothesis so I tested whether testosterone was modulating ornaments and constraining 
signals through its immunosuppressive properties. I tested the immunocompetence-
handicap hypothesis in male P. i. wilhelmi while also conducting parallel studies with 
free-ranging and captive-housed lizards to assess whether there were differences between 
the groups that could indicate exogenous factors influencing signalling in their natural 
environment. While experimentally elevated testosterone did affect endurance and the 
properties of their colour patches, immunosuppression was only evident in free-ranging 
lizards. To measure the extent of organisational effects in males I also manipulated 
testosterone in females and found no evidence of immunosuppression although 
testosterone did affect some aspects of colouration and endurance. Next, I tested the 
stress-linked immunocompetence handicap hypothesis by experimentally elevating 
testosterone, corticosterone, or both at the same time. I found that corticosterone had an 
isolated effect on one colour patch, and testosterone and corticosterone had opposing 
effects on endurance that were negated when both were elevated. Different colour 
patches were affected by either testosterone or corticosterone with little overlap, and the 
combination of the two had a different action to either hormone elevated in isolation. 
Finally, I tested the oxidative stress hypothesis of carotenoids as a limiter of signal output 
due to their requirement in the oxidative stress response. I found that supplemented 
carotenoids vastly improved endurance, immune response and influenced different 
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aspects of colouration to that of testosterone and corticosterone. My study examined four 
different hypotheses of constraints on signalling involving testosterone, corticosterone, 
interactions between testosterone and corticosterone and carotenoids in a consistent 
manner measuring multiple indices of quality as well as multiple colour signals. This 
study provides a unique integrative perspective on the roles played by each factor as well 
as prompting us to re-examine our approach to understanding constraints on signalling. 
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INTRODUCTION 
Ornaments and armaments provide information about the quality of an animal, such as 
aspects of condition (reviewed in Andersson, 1994) including health, immunocompetence 
(e.g., McGraw & Ardia, 2003); aggression, fighting ability (Olsson, 1994) and 
dominance status (e.g., Thompson & Moore, 1991). If these signals are honest, they 
reduce the costs of agonistic encounters because individuals are able to assess rivals 
(Lemos-Espinal et al., 1996) and therefore predict the outcome of a fight. One kind of 
armament used to assess rivals is a badge of status (Shorey, 1976). Badges of status 
include colour patches that can be used in behavioural displays (LeBas & Marshall, 
2000). Lizard species often use badges of status (reviewed in Whiting et al., 2003), and 
these signals are usually plastic, where they can reliably indicate dynamic aspects and 
correlate with life history events, such as social status or age (Cooper & Greenburg, 
1992). Another kind of plasticity found in some species is nuptial colouration (Olsson, 
1994) where colour signals are only evident during the breeding season (Rand, 1990; 
Martín & López, 2001), while others show some degree of signal intensity increasing in 
the breeding season but colour signals are still evident, to a lesser extent, throughout the 
year (Salvador & Veiga, 2000).  
 
To maintain the honesty of signal systems, signals which indicate individual quality must 
be costly to produce (Zahavi, 1975) and so these signals are usually reliable  (Zahavi, 
1975; Andersson, 1994; Grafen, 1990). Variation in trait expression is thought to be 
condition-dependent in some cases, where males need to be healthy in order to show 
maximal trait expression (Andersson, 1994). For an individual to have maximal trait 
expression, it must be able to bear the associated costs. These factors are called 
constraints on signalling, as they stop animals from using signals to give false 
information about their quality. For example, male goldfinches (Carduelis tristis) under 
nutritional stress are unable to lay down as much pigment into developing feathers as 
male goldfinches with sufficient food (McGraw et al., 2005). As  yet, several  
mechanisms have been identified that constrain signals, such as parasite resistance 
(Hamilton & Zuk, 1982; Folstad & Karter, 1992), predation risk (Cooper & Greenburg, 
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1992; Martín & López, 1999; Stuart-Fox et al., 2003; Husak et al., 2006c), energetic 
constraints (Buchanan et al., 2001), social control (Mateos & Carranza, 1997) and 
endocrine constraints (Buchanan et al., 2003). Costly signalling theory (Zahavi, 1975; 
Grafen, 1990) states that on average signals of quality need to be constrained by some 
form of cost. These costs can be direct, such as the energetic cost of developing and 
maintaining a trait (Andersson, 1994), or as a result of the trait – for instance animals 
with brightly coloured ornaments or armaments or showy behavioural displays may be at 
risk of predation (e.g., Candolin, 1999).  
 
The handicap principle 
Zahavi (1975) proposed the idea of the handicap principle, but this was largely 
discounted and ignored for over two decades after the seminal paper was published 
(Grose, 2011). Once the field of honest signalling theory began to take off, Folstad and 
Karter (1992) proposed the immunocompetence-handicap hypothesis (ICHH). They 
proposed that a major constraint on male traits would be the ‘double-edged sword’ of 
testosterone. The model states that male-specific traits are mediated by male-specific 
hormones (i.e. androgens) and that levels of these hormones would be limited by an 
associated negative effect on the immune system, mainly shown by an increase in 
parasite load (Folstad & Karter, 1992). This hypothesis gained in popularity very quickly, 
probably due to the logic of the idea – males have androgens while females do not, males 
have secondary sexual traits and females (usually) do not, females tend to have better 
immune systems than males (reviewed in McGraw & Ardia, 2005a) and tend to be at 
higher risk of autoimmune disease (Grossman, 1990), which adds to the body of evidence 
for the immunosuppressive effects of testosterone (reviewed in Roberts et al., 2004). 
 
Although the idea found its way into established theory quite quickly, experimental 
evidence did not concur (Roberts et al., 2004). Some studies did indeed find support for 
the ICHH, but others found no link between testosterone and immune function, 
sometimes no link between traits and testosterone in the first place, and some studies 
found testosterone to have an immune-enhancing effect. Additionally, other related 
factors began to be considered as signal constraints. One is the stress-linked 
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immunocompetence handicap hypothesis (SL-ICHH) which proposes that because 
testosterone and corticosterone share receptors, co-varying levels of these hormones may 
be influencing signal production rather than either hormone functioning independently. 
 
Testosterone as a signal constraint 
Testosterone is recognised as an important influence in signal production, particularly in 
sexually dimorphic species (Saino & Møller, 1994; Buchanan et al., 2001) where it 
promotes development and maintenance of secondary sexual characters (e.g. Saino & 
Møller, 1994; Zuk, 1996; Wade, 1997; Lemos-Espinal et al., 1996; Deviche & Cortez, 
2005). These are often correlated with aspects of male quality such as body condition 
(Galeotti et al., 1997) or activity levels (Olsson et al., 2000), and possibly reduced 
parasite load  (Hamilton & Zuk, 1982; Saino & Møller, 1994; but see Seutin, 1994). 
Dominant males can have significantly higher androgen levels (Greenberg & Crews, 
1990), with accompanying increased mating success (Olsson et al., 2000), better 
locomotor performance than subordinates (Zuk, 1996; Robson & Miles, 2000; Bales et 
al., 2006) high activity levels (Lovern et al., 2001) and aggression (Nelson, 2000; 
Whittingham & Schwabl, 2002; Dugatkin, 2004; but see McDonald et al., 1995; 
McDonald et al., 2001). Dominant males also show an incidence of male-specific 
behaviours (Wingfield et al., 1990; Lovern et al., 2001) such as display behaviour and 
mate-guarding (Saino & Møller, 1995) as well as more elaborate ornaments than 
subordinates (Deviche & Cortez, 2005). 
 
According to the handicap principle (Zahavi, 1975), in order for testosterone to be a 
constraint on signalling, there must be associated costs to having high circulating 
concentrations of the hormone. In fact, there are several costs associated with high levels 
of testosterone. For instance, increased male-specific behaviour such as mate-guarding, 
aggression and behavioural displays are energetically expensive (Buchanan et al., 2001) 
and high aggression increases the frequency of agonistic encounters so there is a 
likelihood of being injured in a fight. Increased metabolic rate can also lead to decreased 
body condition (Olsson et al., 2000). There is also the cost of lost foraging time or mating 
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opportunities (Lynn et al., 2000). Conspicuous ornaments and behaviours also increase 
predation risk (Zuk, 1996; Husak et al., 2006a).  
  
One of the most studied costs of testosterone is its effect on the immune system. There 
are well-established links between testosterone and immunosuppression (e.g. Deviche & 
Cortez, 2005) as well as a common pattern of differences between immune function in 
males and females of sexually dimorphic species (reviewed in Ahmed & Talal, 1990; 
Folstad & Karter, 1992). While most studies of the immunosuppressive effects of 
testosterone have been on avian species, there is some evidence of its occurrence in lizard 
species as well (e.g., Veiga et al., 1998; Olsson et al., 2000). Because immune and 
endocrine systems are linked (Boonekamp et al., 2008), it is logical to assume that 
hormonally-linked traits, such as secondary sexual characteristics, should be influenced 
by the immune system (Zuk, 1996; Folstad & Karter, 1992; Slater & Schreck, 1997). The 
immunocompetence handicap hypothesis (ICHH) (Folstad & Karter, 1992) suggests that 
the immunosuppressive effects of testosterone constrain signal expression in that only 
high quality males should be able to withstand the costs associated with high levels of 
circulating testosterone (Folstad & Karter, 1992). Although testosterone obviously affects 
the immune system and usually suppresses it (Zuk, 1996; Veiga et al., 1998), in some 
studies it seems to enhance it (Lindström et al., 2001). In Great Tits (Parus major) 
testosterone levels had a positive correlation with cell-mediated immunocompetence (van 
Oers et al., 2011). Only some studies provide support for the ICHH (reviewed in Roberts 
et al., 2004), and this hypothesis requires more testing, particularly in non-avian taxa. 
 
Stress and signaling 
While dominant males are often constrained by the costs of testosterone, subordinate 
males are often constrained by stress. Being subordinate can be costly, not only because 
dominant individuals monopolise resources such as food, refuges and potential mates 
(e.g., Keys & Rothstein, 1991; Clutton-Brock, 1998; Stahl et al., 2001; Lendvai et al., 
2006; Croney et al., 2007) or because they show aggression to subordinates (Keys & 
Rothstein, 1991; Amorim & Almada, 2005; Poisbleau et al., 2005; Heitor et al., 2006; 
Croney et al., 2007), subordinates often experience chronic stress responses (Creel, 2001) 
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which can be detrimental to health (Nelson, 2000; Wingfield, 2003; Millspaugh & 
Washburn, 2004). Increased allostatic load - the physiological cost of stress - is reflected 
by an increase in glucocorticoids (Goymann & Wingfield, 2004). The main cause of the 
increased allostatic load experienced by subordinates is a result of social interactions. 
Dominant individuals harass subordinates which result in a sharp increase in stress 
hormones in those subordinates (reviewed in Summers et al., 2005; Creel, 2001) through 
the hypothalamic pituitary axis (HPA) within minutes of a stressor occurring (Wingfield, 
2003). Stress hormones act mainly to stimulate energy mobilisation (Möstl & Palme, 
2002) which leads to an increase in activity (reviewed in Lowry & Moore, 2006). The 
degree and duration of a stress response differs according to various factors, including 
individual factors (such as social status, contest history and social history) and 
environmental factors (such as season and food availability) (Summers et al., 2005). 
Stress responses are modulated by corticotrophin-releasing factor which not only 
stimulates the production of glucocorticoids through the HPA axis, but also modifies 
neurotransmitters which changes the animal’s response to increased levels of 
corticosterone (Lowry & Moore, 2006).  Individual responses to stress differ, and can be 
influenced by life-history stage (Crespi & Denver, 2005), sex, temperature, body 
condition (Moore & Jessop, 2003) and status (Abbott et al., 2003; Summers et al., 2005). 
For example, subordinate individuals generally lose more fights than dominant 
individuals, which leads to an increase in stress hormones in them, which in turn leads to 
a decrease in reproduction for that particular individual (Creel, 2001). Dominant and 
subordinate individuals have different responses to stress in terms of hormone secretion 
(Abbott et al., 2003). Generally, an increase in corticotrophin-releasing hormone results 
in an increase in glucocorticoids. Increased corticosterone levels can also result in 
increased stamina and reduced resting metabolic rate (Cote et al., 2006; Miles et al., 
2007), although this must be coupled with increased food consumption to balance 
increased energy expenditure (Cote et al., 2006; Creel, 2001), but is generally associated 
with decreased reproduction (Dewsbury, 1982; Creel, 2001).  
 
Stressful situations often influence aggressive behaviour (reviewed in Summers et al., 
2005) independently of testosterone (Denardo & Licht, 1993). This means that agonistic 
 6
encounters, and consequently dominance, may be influenced by corticosterone. In an 
experiment with side blotched lizards (Uta stansburiana), males implanted with 
corticosterone had reduced home ranges whereas control males increased their home 
ranges (DeNardo & Sinervo, 1994a). Aggressive encounters are not the only area of 
behaviour that are typically considered to be controlled by testosterone but are influenced 
by corticosterone. For example, cichlid fish that had recently lost fights show less 
courtship behaviour when presented with a female (Amorim & Almada, 2005) than when 
they had not fought, regardless of their testosterone level. Alternative reproductive 
strategies of marine iguanas (Amblyrhynchus cristatus) can be predicted by corticosterone 
levels rather by testosterone levels (Berger et al., 2005). Because agonistic behaviour 
affects territory size and shape, corticosterone is vitally important to consider in territorial 
behaviour. 
 
One hypothesis on constraints to signalling is that females are actually selecting males 
which can cope with stressful situations because this indicates a high quality male 
(Bortolotti et al., 2009a). The detrimental effects of long-term stress are far-reaching, 
leading to decreased reproductive output (Wingfield, 2003), body condition and immune 
response (Morici et al., 1997) and increased parasite load (e.g., Amo et al., 2006) and, 
eventually, damage to internal organs (Nelson, 2000). An animal that can withstand all of 
these and still produce an ornament in order to increase fitness must be of good quality 
(Bortolotti et al., 2009a).  
 
Interactions between testosterone and corticosterone 
Changes in corticosterone tend to cause an inverse response in testosterone levels 
(reviewed in DeNardo & Sinervo, 1994b; but see Roberts et al., 2006). The mechanism 
for this is in Leydig cells which produce testosterone. These cells have receptors for 
glucocorticoids and if stress levels become too high, enzymes blocking corticosterone 
from receptors cease to be effective and glucocorticoids curtail testosterone production 
(Nelson, 2000). The degree of suppression can vary according to individual genetic 
variation and may be an underlying cause for alternative reproductive strategies (Knapp 
& Moore, 1997) because territorial males may have different thresholds for 
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corticosterone, thereby limiting testosterone production. Territorial or dominant males 
also differ from subordinate males in terms of having a smaller degree of corticosterone 
increase following a fight, which could be beneficial if the animal has frequent agonistic 
encounters (Knapp & Moore, 1996). In side-blotched lizards (Uta stansburiana), 
testosterone supplementation increased territory size while lizards with corticosterone 
implants were unable to maintain territories. Lizards with both corticosterone and 
testosterone implants were no different to controls, suggesting that the hormonal effects 
directly counteract one another (DeNardo & Sinervo, 1994a). One possible explanation is 
that this is a result of an increase in glucocorticoids after energetically costly displaying 
behaviour which is mediated by testosterone (Emerson & Hess, 2001), but the 
relationship between these hormones is still relatively unexplored. 
 
The stress-linked immunocompetence handicap-hypothesis (SL-ICHH) suggests that the 
apparent immunosuppressive effects of testosterone are actually due to co-varying 
corticosterone levels (Buchanan et al., 2003). This is supported by evidence that, in 
isolation and controlling for corticosterone levels, testosterone actually benefits the 
immune system, rather than suppressing it (Roberts et al., 2009). One study found that 
neither hormone had any effect on the immune system in isolation, but a combination of 
the two did (Roberts et al., 2006). 
 
Carotenoids as a beneficial signal modulator 
Factors maintaining signal honesty do not always have to be directly detrimental to the 
animal in order to have a cost to the signaller. In some cases, signal modulators are 
actually beneficial to the animal. For example, some signals are energetically expensive 
(reviewed in Hasson, 1997) while energy stores are not harmful they are limited and 
allocating them to signals means that antioxidants are shunted away from other parts of 
the animal’s physiology, making limiting oxidative stress more difficult. One example of 
this is carotenoid-based signalling. Carotenoids are common red, orange or yellow 
pigments (Weedon, 1965; Goodwin, 1984) which play a role in modulating and 
enhancing the immune system (Alexander et al., 1985) usually through reducing 
oxidative stress by removing and blocking free radicals (Ames, 1983; Bendich & Olson, 
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1989; Krinsky, 1989; Prabhala et al., 1990; Saino et al., 1999; Hill, 1999; McGraw, 
2005). While the pigments are relatively common, they cannot be synthesised by animals 
and so must be obtained from the diet (Hill et al., 2002), often from foods that are limited 
in the environment (Hill, 1999). 
 
Carotenoid-based colouration is common in many taxa (e.g., Saino et al., 1999; 
Andersson et al., 2002; Saks et al., 2003; Pryke & Andersson, 2003) and provide much 
information about an individual’s health. They can correlate with various indices of 
quality, ranging from sperm quality (Peters et al., 2004), nutritional state (McGraw, 
2005), body size (Kodric-Brown & Brown, 1984), condition (von Schantz et al., 1999; 
Andersson et al., 2002), aggression (Kodric-Brown & Brown, 1984) and parasite load 
(Figuerola et al., 1999). The trade-off between the allocation of carotenoids to the 
immune system or to signals means that it is likely to be an honest signal (Gray, 1996), as 
an animal in poor condition would not be able to spare carotenoids to use in signals and 
would mobilise them from the skin to use in immune defences (Lozano, 1994; Tella et 
al., 2004). Immune constraints on colour have been demonstrated, mainly in bird species 
(e.g., Saino et al., 1999; Saino et al., 2000; McGraw & Ardia, 2003; McGraw & Ardia, 
2005b), where carotenoid-based colouration is a reliable predictor of immune ability as 
well as past history of mounting an immune-response to infections  (Lozano, 1994; 
Alonso-Alvarez et al., 2004). This leads to a ‘beneficial but limited’ relationship between 
general animal physiology and carotenoids (Lozano, 1994), which plays a part in the 
trade-off in animal signalling between the requirements of the immune system and 
development and maintenance of colour signals (von Schantz et al., 1999; Peters et al., 
2004). 
 
Study system 
Platysaurus intermedius wilhelmi is a small (maximum snout-vent length 83 mm) 
cordylid lizard found on rocky outcrops in southern Africa. It breeds in spring and early 
summer (Branch, 1998). Males are territorial and highly aggressive towards one another. 
Male Platysaurus sp. signal to rivals using colour patches and if a contest escalates to a 
fight, damaging fights, incorporating chases and bites, ensue (Korner et al., 2000). 
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Platysaurus i. wilhelmi is sexually dimorphic, with males larger than females (Lailvaux et 
al., 2003b). Females and juveniles are drab with blueish-white venters, black and brown 
dorsal regions and straw-coloured tails. In contrast males are brightly coloured with blue 
and black venters, green flanks and blue-green legs and bright orange tails. This 
dichromatism is characteristic of the genus (Branch & Whiting, 1997). Other Platysaurus 
species are highly aggressive (Korner et al., 2000) and their brightly coloured badges 
have been found to correlate with various measures of male quality (e.g.,Whiting et al., 
2003; Whiting et al., 2006). Their dorsally compressed bodies allow them to use small 
crevices as refuges, particularly on smooth granite domes, which flake in flat sheets. 
While very little is currently known about their ecology and behaviour, the closely related 
P. broadleyi has been studied extensively and male colouration has been found here to be 
an important indicator of status (Whiting et al., 2003) and fighting ability (Whiting et al., 
2006). The well-documented colour patches in other members of the genus which 
function as indicators of status as well as the highly aggressive nature of these male 
lizards suggest that signals are important in this system to minmize agonistic encounters. 
The red tail colouration suggests the presence of carotenoid-based colouration and the 
numerous Ficus (sp) trees in their habitat makes it likely that carotenoids are present in 
their diet.  
 
Aims and predictions 
The immunocompetence handicap hypothesis has been widely tested with mixed results 
(Hasselquist et al., 1999; reviewed in Buchanan et al., 2003; Zuk, 1996; Westneat et al., 
2003). One issue is that the immunosuppressive effects of testosterone have not been 
extensively tested (Deviche & Cortez, 2005). The effect on the immune system is partly 
regulated genetically, through the major histocompatibility (MHC) complex (Ahmed et 
al., 1987), but the demands on the immune system are dynamic, depending on a variety 
of factors, such as season, previous exposure, and parasite load. There is a trade-off 
between signal intensity and immunocompetence – signal intensity is a plastic response, 
mediated by the demands of the immune system. As testosterone is self-regulated, this is 
a fascinating example of a trade-off which could be influenced by environmental factors, 
such as food availability, social stress and previous exposure to pathogens. Although 
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many studies have tested the immunocompetence handicap hypothesis, they have not 
taken into account other factors that could affect either colouration or immunity, either in 
conjunction with testosterone or as a result of increased levels of testosterone.  
 
The aim of my study was to assess the immunocompetence-handicap hypothesis in 
conjunction with other hypotheses regarding signal constraints (the stress-linked 
immunocompetence-handicap hypothesis; the hypothesis that corticosterone acts as a 
constraint on signal production independently of testosterone, and the oxidative stress 
hypothesis, that the supply of carotenoids constrains signal expression due to the 
demands of the immune system) in Platysaurus i. wilhelmi. The integrative approach of 
studying factors that could prevent the relationship between testosterone and 
immunocompetence from being a simple case of increased testosterone increasing trait 
expression and decreasing immunocompetence allows us to investigate a whole-animal 
model of how testosterone influences signals and behaviour.  
 
My study involved field and laboratory studies, which covered four objectives: 1. to 
examine seasonal fluctuations in testosterone, corticosterone and carotenoids and relate 
these to signal intensity, immunocompetence, locomotor performance and body condition 
(chapter 1). 2. to test the ICHH by determining the relationship between testosterone and 
signal intensity, immunocompetence, body condition and locomotor performance 
(chapter 2). This study was carried out concurrently in the field and in captivity with one 
group of lizards kept under controlled conditions while another group was released with 
testosterone implants and recaptured after 14 days. 3. To investigate the effects of 
elevated testosterone in females to understand the interplay between organisational and 
activational effects in males (chapter 3). 4. To test the stress-linked immunocompetence 
handicap hypothesis by investigating the effects of testosterone, corticosterone and a 
combination of testosterone and corticosterone on signals, immunocompetence, 
endurance and body condition. 4. to test the oxidative-stress hypothesis by investigating 
the relationship between carotenoids, colour and immunocompetence, and to investigate 
the effects of changing carotenoid levels on performance and body condition. 
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Thesis structure 
This thesis consists of an introduction, five experimental chapters and an overall 
discussion. The experimental chapters are written for publication and to minimise 
repetition in this format, the abstracts have not been included in each experimental 
chapter. As my approach involved using consistent methodology to test different 
hypotheses there is a great deal of overlap in methodology and so only new aspects are 
included in detail in later chapters. As these chapters are intended for publication there 
will be some overlap in the introductions of each chapter and the main introduction. 
Figure numbering is sequential and separate for each chapter. A complete reference is 
included after the discussion and conclusion.
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CHAPTER 1 
Seasonal variation in testosterone, corticosterone and 
carotenoids in flat lizard plasma and associated 
changes in condition-dependent signals 
Introduction 
Many different animal species rely on signals to avoid the costs of agonistic encounters 
with rivals (Parker, 1974).  Ornaments used in contests are called armaments (Berglund 
et al., 1996). Typical armaments are badges of status (Shorey, 1976), which are bright 
colour patches used in behavioural displays (LeBas & Marshall, 2000) that can indicate 
various aspects of quality, such as aggression, status and/or fighting ability (reviewed in 
Whiting et al., 2003). In order for these signals to be maintained in a system, they need to 
carry some cost as without cost dishonest signalling would be possible and therefore the 
signal system would become unreliable (Zahavi, 1975). These costs can be directly 
detrimental effects of modulating factors such as immunosuppression due to high levels 
of circulating testosterone (Folstad & Karter, 1992). 
 
Traditional understanding of endocrine systems assumed that hormones affect behaviour 
or performance in a linear way (Arnold, 1983). More recent research has found that 
factors constraining signalling are complex, often interrelated, webs of multiple feedback 
loops which include endocrine effects (Husak et al., 2009; Ketterson et al., 2009) but also 
changes in sensitivity to hormones, morphology and energy uptake. These factors are not 
often considered as measures of performance but they do play a vital physiological role 
and highlight the importance of investigating multiple effects of individual factors 
(Husak & Irschick, 2009; Husak et al., 2009). In order to tease apart these relationships, 
we need to begin by examining two different relationships. First, we must investigate 
natural fluctuations in both signal-modulating fluctuations and in signals. Second, we 
need to determine which signals are actually indicative of male quality in the study 
system. 
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Testosterone levels influence signal production by promoting the development and 
maintenance of secondary sexual characters that have been selected to signal male quality 
(e.g. Saino & Møller, 1994; Zuk, 1996; Wade, 1997; Lemos-Espinal et al., 1996; Deviche 
& Cortez, 2005), particularly in sexually dimorphic species (Saino & Møller, 1994; 
Buchanan et al., 2001; e.g. Deviche & Cortez, 2005; Saraiva et al., 2010). These traits are 
often correlated with other measures of quality such as body condition (Galeotti et al., 
1997) or activity levels (Olsson et al., 2000), and possibly reduced parasite load  
(Hamilton & Zuk, 1982; Saino & Møller, 1994; but see Seutin, 1994). Males with 
increased testosterone often have high mating success (Olsson et al., 2000), and 
dominance status (Greenberg & Crews, 1990), as well as improved locomotor 
performance (Zuk, 1996). Locomotor performance also has important implications in 
dominance status (Robson & Miles, 2000; Bales et al., 2006). Testosterone affects 
behaviour (Saino & Møller, 1995) in males and females (Lovern et al., 2001), increasing 
activity levels (Lovern et al., 2001), aggression (Nelson, 2000; Whittingham & Schwabl, 
2002; Dugatkin, 2004; but see McDonald et al., 1995; McDonald et al., 2001) and male-
specific behaviours (Wingfield et al., 1990; Lovern et al., 2001), such as display 
behaviour and mate-guarding  (Saino & Møller, 1995). In many species, there are 
seasonal fluxes in testosterone, increasing shortly before, or during the breeding season, 
which coincides with changes in behaviour and/or social status. For example, in green 
anoles (Anolis carolinensis) testosterone increases significantly in spring and stays 
elevated during the breeding season (Jenssen et al., 2001) which coincides with an 
increase in dewlap area (Irschick et al., 2006). 
 
The main hypothesis concerning constraints to testosterone-based signalling is the 
immunocompetence-handicap hypothesis (ICHH) which proposes that testosterone levels 
are constrained by the associated immunosuppressive effects of the hormone (Folstad & 
Karter, 1992). There is mixed support for this hypothesis (Roberts et al., 2004) and more 
recently there has been a call for a more integrative approach, considering other factors 
and feedback loops involved in testosterone-based signalling (e.g., Husak et al., 2009). 
Many traits affected by testosterone (for example receptor density, aggression, growth 
and development) may not be directly linked to performance although they have 
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important implications for physiology and condition. Other effects are neutral, part of 
suites of effects termed ‘hormonal pleiotropy’ (Husak & Irschick, 2009; Husak et al., 
2009; Ketterson et al., 2009).   
 
Testosterone is not the only hormone involved in signal expression and 
immunocompetence. Social interactions are stressful and result in the release of stress 
hormones (reviewed in Summers et al., 2005; Creel, 2001). Glucocorticoids (such as 
cortisol or corticosterone) are released within minutes of a stressful event (Wingfield, 
2003) and they help the animal cope mainly by mobilizing energy (Möstl & Palme, 
2002). Chronic elevation in stress hormones can have long-term detrimental effects on an 
individual’s health (Nelson, 2000; Wingfield, 2003; Millspaugh & Washburn, 2004). The 
extent of the stress response can be shaped by several factors, such as social status, social 
history (particularly history of contests) and environmental factors, such as season and 
food availability (Summers et al., 2005). Responses are modulated by corticotrophin-
releasing factor which not only stimulates the production of glucocorticoids through the 
HPA axis, but also modifies neurotransmitters which changes the animal’s response to 
increased levels of corticosterone (Lowry & Moore, 2006). Generally, an increase in 
corticotrophin-releasing hormone, which results in an increase in glucocorticoids, leads to 
an increase in activity in a wide variety of taxa (reviewed in Lowry & Moore, 2006). 
Increased corticosterone levels can also result in increased stamina and reduced resting 
metabolic rate (Cote et al., 2006; Miles et al., 2007), although this must be coupled with 
increased food consumption to counter increased energy expenditure (Cote et al., 2006; 
Creel, 2001) and is generally associated with decreased reproduction (Dewsbury, 1982; 
Creel, 2001). Moderate increases in stress hormones can be associated with increased 
reproduction because they mobilise energy (Moore & Jessop, 2003). In marine iguanas 
(Amblyrhynchus cristatus), males adopting different reproductive strategies had similar 
levels of testosterone, but differed significantly in glucocorticoid levels, and territorial 
males had more elaborate signals and higher haematocrit (which indicated performance), 
but a reduced cell-mediated immune response and poorer body condition than non-
territorial males (Berger et al., 2005).  
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In most species, testosterone and corticosterone concentrations follow a circadian rhythm 
(Romero & Remage-Healey, 2000), as well as changing seasonally (Möstl & Palme, 
2002). There are seasonal patterns in glucocorticoid levels (Romero et al., 2006), possibly 
due to the stress of the cold and all the associated catabolic processes (Huber et al., 
2003), as well as differences in social stress and energetic requirements inside and 
outside of the breeding season (Moore & Jessop, 2003). There seems to be a trade-off 
between immunocompetence and energetically costly behaviors, which changes with 
environmental conditions (such as cold weather), but this does not seem to be due to 
limitations on nutrients as the actual mounting of an immune response is not very 
energetically costly (Svensson et al., 1998). Stress is associated with a decrease in 
immune response (Svensson et al., 1998), which could be a way of preventing 
autoimmune diseases which may occur as a result of injury during a stressful event, 
leading to an increase in immune response (Raberg et al., 1998). 
 
Carotenoids are generally considered to be beneficial but limited in that they are required 
in physiological processes and using them in signals requires a trade-off  with 
physiology, mainly to the immune system (Lozano, 1994). Carotenoids are fat-soluble 
hydrocarbons that cannot be synthesised by animals and must be obtained from the diet 
(Goodwin, 1984; Hill et al., 2002). Carotenoids protect against cancer and tissue damage 
by removing and blocking free radicals (Ames, 1983; Bendich & Olson, 1989; Krinsky, 
1989; Prabhala et al., 1990; Saino et al., 1999; Hill, 1999; McGraw, 2005) which is 
crucial to the health of an individual (McGraw, 2005). They are usually limited in the 
environment (Hill, 1999) and sometimes require foraging for unusual food items (Negro 
et al., 2002).  
 
Carotenoid-based pigments are allocated to colour signals in a variety of taxa (e.g., Saino 
et al., 1999; Andersson et al., 2002; Saks et al., 2003; Pryke & Andersson, 2003; Dijkstra 
et al., 2007). These signals have been shown to provide key information about sperm 
quality (Peters et al., 2004), nutritional state (McGraw, 2005), body size (Kodric-Brown 
& Brown, 1984), condition (von Schantz et al., 1999; Andersson et al., 2002), aggression 
(Kodric-Brown & Brown, 1984) and parasite load (Figuerola et al., 1999). Carotenoid-
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based colouration is likely to be an honest signal (Gray, 1996). If the animal is not in 
optimal condition, carotenoids that could have been used to produce colour pigmentation 
are mobilised from the skin and used in the immune system instead (Lozano, 1994; Tella 
et al., 2004), and so colour expression can be constrained by immunological processes 
(Hill, 1999). This has been shown in a variety of birds (e.g., Saino et al., 1999; Saino et 
al., 2000; McGraw & Ardia, 2003; McGraw & Ardia, 2005b). Colour can indicate both 
the ability of an individual to withstand infection and how well they have coped with past 
infections (Lozano, 1994; Alonso-Alvarez et al., 2004). This leads to a trade-off between 
using carotenoids in signals and in reducing oxidative stress, caused by build-up of free 
radicals (von Schantz et al., 1999; Peters et al., 2004). 
 
Lizards are good model organisms for studies in behavioural endocrinology. They display 
carotenoid-based ornamentation which is unusual in mammals which are often the 
models used in carotenoid studies (Svensson & Wong, 2011). They are generally easier 
to observe and more abundant than more commonly used bird and mammal models and 
their ornaments and armaments are easy to quantify. Bird colours are particularly 
complex as there is an interplay between dynamic colouration in beak colour (e.g., 
McGraw et al., 2006c), and colour laid down in feathers which occurs over a short time 
period and then remains fixed (e.g., Andersson et al., 2002). Lizards are also relatively 
easy to house without disrupting a social system such as removing birds from their roles 
in parental care. Plasticity in colouration is relatively common in lizards (Husak et al., 
2007), changing with age, social status and various other social factors (Lemos-Espinal et 
al., 1996). Some species only display colour signals during the breeding season (Cooper 
& Greenburg, 1992), which is known as nuptial colouration (Rand, 1990; Martín & 
López, 2001),  while others have colouration which shows a lesser degree of plasticity in 
that the intensity of signals increases during the breeding season but does not vanish 
entirely during the rest of the year (Olsson, 1994). 
 
Flat lizards (Platysaurus sp.) are brightly coloured and highly aggressive when defending 
territories and also in access to females (e.g., Whiting et al., 2006) The common flat 
lizard (Platysaurus intermedius wilhelmi) is an ideal system for addressing constraints to 
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signalling. They are strongly sexually dimorphic with brightly coloured males and drab 
females, as is characteristic of this genus (Branch & Whiting, 1997). The closely related 
P. broadleyi defends territories, adopts alternate reproductive tactics, and uses colour to 
signal fighting ability (Whiting et al., 2003; Whiting et al., 2006).  
 
The first aim of this study was to test for seasonal fluctuations in testosterone, 
corticosterone and carotenoids (in this case β-carotene) in three seasons: winter, the early 
breeding season (in spring, before the rains) and summer. I attempted to relate these 
fluctuations with signal intensity, immunocompetence, locomotor performance and body 
condition. The second aim was to investigate correlations between colour and 
performance as well as gross morphology. Costly-signalling theory maintains that the 
production and maintenance of signals are too costly for low-quality males to express 
maximal trait expression (Zahavi, 1975; Grafen, 1990), and so by exploring the 
relationship between potential signals and condition-dependent measures of male quality 
(immune response, endurance and condition), we can begin to understand signals as 
condition-dependent predictors of male quality. Defining male quality is difficult and so 
measures of whole-animal performance (defined as the ability of an animal to perform a 
task) were used as a proxy of fighting ability (Husak et al., 2007).  
  
I predicted that in summer, at the height of the breeding season, there would be an 
increase in testosterone, corticosterone and β-carotene. I predicted that there would be an 
associated increase in conspicuousness of colour patches and a decrease in immune 
function, as well as an increase in body condition due to the increased abundance of 
insects during the rainy months. I predicted that in winter, outside of the breeding season, 
there would be a decrease in testosterone, corticosterone and β-carotene. I also predicted 
that, in winter, there would be an increase in immune function, a decrease in signal 
conspicuousness and a decrease in body condition. 
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Methods 
Study system 
Platysaurus intermedius wilhelmi is a small (maximum snout-vent length 83 mm) 
cordylid lizard found on rocky outcrops in southern Africa. They breed in spring and 
early summer (Branch, 1998). These lizards are sexually dimorphic: males are colourful 
and significantly larger than females (Lailvaux et al., 2003b), which are drab (Branch, 
1998). Males have green flanks and front legs, greenish-blue back legs and blue-black 
abdomens and orange tails. They have black throats with the black colouration, extending 
down the chest and occasionally onto the abdomen. Juvenile males resemble females, 
which are brown with straw coloured tails.  Their dorsally compressed bodies allow them 
to use narrow crevices as refuges, particularly on smooth granite domes, which exfoliate 
to produce sheet rock.  
 
I conducted field work primarily at Pullen Farm (S 25°34,358’ ; E 031°10.879’) and 
some neighbouring areas, all in the Crocodile River Nature Conservancy, a 30 000 ha 
area situated approximately 30 km east of Nelspruit, South Africa. The area is lowland 
mesic savannah, characterised by Dichrostachys, Acacia and Rhus trees, and dense 
grasses broken up by large, exposed granite bedrock. The weather is generally warm 
(average temperatures between 13° – 27° C) with the rainy season from September to 
March.  I took all measurements at a field station within a few kilometres of the capture 
sites. 
 
Handling and marking of lizards 
Each season (winter, spring and summer) in 2008, I captured 45 lizards on lines of 
Catchmaster® 48R non-toxic glue traps (27 x 13 cm) and Trapper® glue boards (26 x 12 
cm). Trapping involved observing a lizard until it entered a refuge and then surrounding 
the refuge with traps. I monitored traps continuously and removed lizards as soon as they 
became stuck, removing excess glue with cooking oil. This is a standard protocol for 
capturing lizards (Ellinger et al., 2001; Whiting & Alexander, 2001). I recorded each 
capture location using a GPS. I took blood samples in the field immediately upon capture, 
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all other measures were taken over the course of three days at the field station. Upon 
completion of measurements lizards were marked and released at the point of capture. I 
marked lizards permanently by writing a small number on the dorsum, just above the 
base of the tail with a battery-operated mini-cauteriser (Kyron Code Y2565). This 
technique has been used successfully with snakes where marks remained visible for at 
least two years (Winne et al., 2006).  
 
Blood samples 
Immediately upon capture, I took blood samples from the suborbital sinus, using a 
heparinised microhematocrit capillary tube to draw approximately 150 µL of blood. This 
is a standard procedure for small lizards (e.g. Woodley & Moore, 1998; Cox et al., 2005a; 
Husak et al., 2007) which has been used successfully in previous studies on flat lizards 
(e.g. Whiting et al., 2003). In order to avoid confounding samples for corticosterone with 
handling stress, I measured the time from capture until the end of taking the sample. 
After three minutes I stopped sampling in all cases. To avoid circadian fluctuations in 
hormone levels from confounding my results, I took all blood samples within the first 
four hours of activity (ranging between 08h00 and 12h00 in winter and 05h00 to 09h00 in 
summer, depending on prevailing weather patterns) and recorded the time that the sample 
was taken. I placed samples on ice until they could be centrifuged at 3000 rpm for four 
minutes before separating and freezing the plasma (within hours of collection) at the field 
station where it was stored until it could be assayed. Due to the small volume of blood in 
samples I was unable to measure testosterone, corticosterone and carotenoids for each 
lizard. Instead, I used the plasma from 15 lizards in each assay as a subsample of the 
group of 45. Each sample was assayed individually.  
 
Hormone assays 
I assayed testosterone by using DPC Coat-A-Count Total Testosterone kits following a 
pilot assay with experimental dilutions of different samples in order to find the optimal 
dilution ratio. These kits have been validated with plasma from closely related lizards 
(Whiting et al., 2006). 
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Corticosterone was analysed using an ELISA kit (Biocom Biotech), with dilutions 
optimised using previously established protocols according to Wada et al (2007). 
Samples were diluted at 1:60 using a steroid replacement buffer and an external standard 
was used to calculate the intra- and interplate coefficient of variation (intra-plate 
coefficient of variation = 8.76% and inter-plate coefficient of variation = 11.15%). 
 
Determining existing carotenoids in P. i. wilhelmi plasma 
To determine which carotenoids were present, I followed the methods outlined by 
Lichtenthaler (1987). I pooled five plasma samples to reach a volume of 400 µl which I 
mixed with 500 µl of acetone and centrifuged. I removed the supernatant and washed the 
pellet with another 200 µl of acetone before combining the supernatants and dried them 
under nitrogen until the volume was reduced to 400 µl. I added 500 µl of deionised water 
and 500 µl diethyl ether and then removed the yellow layer on top of the solution. This 
was dried again under nitrogen to reduce to 500 µl. 
 
I used a solvent system of petroleum hydrocarbon, dioxane and 2-propanol (70:30:10) 
and used both paper and precoated silica aluminium plates in thin-layer chromatography 
(Lichtenthaler, 1987). This showed that the extract matched β-carotene (reference sample 
from Kyron). I then took the paper that I had used for TLC and cut out the section where 
the extract had settled. I soaked it in diethyl ether and then ran it through a dual-beam 
spectrophotometer where it showed maximal absorbance to be 450 nm which is within 
the range of β-carotene which peaks between 420 - 500 nm (Lichtenthaler, 1987). 
 
Measuring plasma concentrations of β-carotene 
Following an established protocol for working with plasma carotenoids (e.g., Alonso-
Alvarez et al., 2010), I performed a cold-extraction in a darkened room by mixing plasma 
with acetone stored in a -20° C freezer at a ratio of 1:10. This was centrifuged for 10 
minutes at 11 000 rpm and then the supernatant was removed and used in analyses. I 
measured samples in duplicate in a SpectraMAX 190 ELISA plate reader (Molecular 
devices) running SoftMAX Pro 5.4.1 software. The small volume of ELISA plate wells 
allowed for duplicate sampling as well as reading all samples at the same time for added 
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precision. As the high acetone levels could damage the plastic of an ELISA plate, I mixed 
20 µl of distilled water with 150 µl of the extract before it went into the plate. 
 
These readings were compared to a standard curve made with a β-carotene reference 
standard (Sigma-aldrich) at ten different concentrations ranging from 0.1 mg/ml to 0.02 
mg/ml. The standard curve had a R2 = 0.9 and I used the equation of the curve to 
determine the concentrations of plasma samples.   
 
Morphological measurements and spectroradiometry 
I weighed lizards on an electronic balance to 1 decimal place. I measured their snout-to-
vent length (SVL) as well as tail length with a plastic ruler to the nearest 1 mm while 
taking note of the condition of the tail (complete, broken, or regenerated). As a measure 
of general health, I calculated body condition by taking the residuals of ln SVL against 
mass (Fuxjager et al., 2010). I also measured head height (from the highest point of the 
head to below the lower jaw), head length (from the anterior edge of the tympanum to the 
tip of the snout), and head width (the distance between the widest points of the head) with 
digital calipers (to 0.01 mm). Head dimensions can be an indication of bite force and 
thus, fighting ability (e.g. Husak et al., 2006b). 
 
I measured spectral reflectance of the throat, abdomen, flank, front and back legs and tail 
of each lizard, using a USB2000 optic spectrometer (Ocean Optics, Inc.), running on 
OOIBase32™ version 2.0.0.6 (Ocean Optics, 2002). Readings were taken using a fibre-
optic cable linking the optic spectrometer to an AIS mini-DT light source (Analytical 
Instrument Systems inc.) which emits light over the entire visible spectrum (300-700 
nm). The probe is mounted in a holder which ensures that the readings are taken from the 
same distance (5 mm) and angle (45°) each time. A hole in the probe holder enabled me 
to measure precise sites. And to avoid stray light from reaching the probe I covered the 
hole while taking readings. To maximise precision I used an average of two readings for 
each measurement in analyses and before measuring each lizard I took calibration 
readings of a black standard and a 99% diffuse white standard.  
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Immunocompetence 
To measure immune response, I used a delayed-type hypersensitivity test using 
phytohaemagglutinin (PHA) (Smits et al., 1999). For each lizard, I injected one hind foot 
with 0.03 ml phosphate buffered saline (PBS) containing 50 mg of PHA (Sigma, L-8754) 
with a Hamilton syringe (1710 N, 22S ga/51 mm/pst2). The other hind foot received an 
injection of 0.03 ml PBS as a control. I alternated which side was the control every five 
lizards. I measured the thickness of each foot prior to injections and 24 hours later with a 
pressure-sensitive spessimeter (Teclock SM-112) to 0.01 mm. I measured each foot 
twice, before and after PHA injection and used the mean thickness as the measure of 
swelling. PHA injected tissues show a large infiltration of immune cell types, such as 
basophils, eosinophils, heterophils, lymphocytes, macrophages and thrombocytes (Martin 
Ii et al., 2006), and a higher degree of swelling indicates a stronger immune response.  
This technique has been particularly successful with lizards (e.g. Saks et al., 2003; López 
& Martín, 2005; Belliure et al., 2004), and provides a way of challenging the immune 
system (Norris & Evans, 2000) which gives a more accurate result than looking at 
measures of immune defence without manipulation, as this would be affected by prior 
exposure or illness (Adamo, 2004). PHA cell-mediated response has a significant effect 
on survival and can be used as a proxy for large-scale immunity (Møller & Saino, 2004); 
it is also one of the more feasible approaches for field-based studies with small animals 
(reviewed in Demas et al., 2011). 
 
Endurance 
I measured endurance as the length of time a lizard walked on a belt (30 x 40 cm) (e.g. 
Sinervo et al., 2000; Garland et al., 1990) moving at 0.4 km.h-1 before it failed to 
maintain its position more than three times (Miles et al., 2007). I measured the endurance 
of each lizard twice, with trials 24 hours apart. Immediately prior to trials I raised the 
body temperature of the lizards by floating them in plastic bags over warm water of 
35°C. Immediately before the test, I measured the lizard’s body temperature with a 
cloacal thermometer. I took the longest time walking on the treadmill as the measure of 
maximal endurance (Irschick & Garland, 2001) which is a biologically relevant measure 
of male quality (Arnold, 1983; Irschick & Garland, 2001).  
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Visual modelling 
I used microspetrophotometry data from a closely related lizard (Platysaurus broadleyi) 
(Fleishman et al., 2011) to model the visual system of flat lizards because visual systems 
are generally conserved (Osorio & Vorobyev, 2005), particularly in diurnal lizards (Loew 
et al., 2002; Fleishman et al., 2011). I created templates of the four main cone types using 
the methodology in Govardovskii et al (2000), including a correction for associated oil-
droplets (Hart & Vorobyev, 2005). The four templates are for two short-wave cones 
(UVS and SWS), one medium wave (MWS) and one long wave (LWS) cone (figure 1.1). 
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Figure 1.1. A template for visual pigment peak sensitivity in Platyraurus broadleyi 
 
Each reflectance reading was then multiplied by the ambient irradiance. To measure 
irradiance I used an average of three readings taken on a rocky outcrop during usual 
lizard activity hours where lizards were found close to the ground and parallel to the 
rocks in order to measure the light available to a lizard (and therefore to model the light 
reaching the lizards’ eyes). I then used the pigment templates and irradiance to calculate 
the position of each colour patch in colour-space using the protocol outlined by Endler & 
Mielke (2005). Once these readings were processed I calculated their chromatic contrast 
from the surrounding rocks using an average of three rock measurements.  
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Chromatic contrast is calculated as the Euclidean distance (ΔT) between two colours in 
tetrahedral colour-space and can be calculated as follows: 
 
ΔT  = √ (SWS1lizard – SWS1rock)2 + (SWS2lizard – SWS2rock)2 + (RH2lizard – R2rock)2 + 
(LWS1lizard – LWS1rock)2 
 
To measure brightness I used the value of QT, the total amount of light reaching the eye 
(Endler & Mielke, 2005).  
 
Statistical analyses 
To compare concentrations of testosterone, corticosterone and β-carotene over different 
seasons, I used a MANOVA with the season as the categorical predictor. Although it 
would have been preferable to include these data in a larger model, constraints in the size 
of blood sample obtainable from a small lizard lead to these being subsamples of the 
complete group and so they are analysed separately. In the case of a significant result I 
used a Tukey-HSD post-hoc test to pinpoint pairwise differences. To compare endurance, 
immunocompetence, colour and body condition in different seasons, I used a Generalized 
Linear Model (GLZ) using a multinomial error structure and a Logit link function. 
Season was the dependent variable and in each case I used the variable under 
investigation (i.e. hormone concentration, endurance, immunocompetence or colour 
measures) as the count variable. In analysing endurance I included body temperature as a 
covariate. I used β-estimate coefficients to assess differences between first order effects 
and descriptive statistics to determine the direction of change. Graphs were used to show 
patterns of change by comparing the medians and interquartile ranges for each season. I 
examined the role of colour patches as predictors of male quality by running a General 
Linear Model(GLM) with colour measures as covariates and the measure of male quality 
(endurance, immune response, body size and head dimensions) as the dependent variable. 
All statistics were performed in STATISTICA 6.0 (Statsoft). 
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Ethical note 
This study was approved by the Animal Ethics and Screening Committee of the 
University of the Witwatersrand (AESC 2007/48/3), with a provincial permit from the 
Mpumalanga Parks Board (MPB5211).  
Results 
Seasonal variation in testosterone, corticosterone and β-carotene 
Season was a significant predictor of testosterone levels (F2,49 = 80.05; p < 0.001), with  
levels in summer higher than winter and spring (Tukey-HSD post-hoc, figure 2). In 
contrast, season was not a significant predictor of corticosterone (F2,46 = 1.05; p = 0.36) 
or β-carotene (F2, 43 = 1.42; p = 0.251; figures 1.2, 1.3 and 1.4). 
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Figure 1.2.  Testosterone was significantly higher in summer, measured in a subsample of 15 P. i. 
wilhelmi lizards per season. Values are shown as mean and range. 
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Figure 1.3. Season did not predict corticosterone levels across three seasons in a subsample of 15 P. i. 
wilhelmi  lizards per season. 
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Figure 1.4. β-carotene levels were not predicted by season in three seasons in a subsample of 15 male 
P. i. wilhelmi lizards. Values are shown as means with whiskers indicating range. 
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Seasonal variation in endurance, body condition, immune response and spectral 
reflectance 
 
Season was a significant predictor of endurance (Wald χ22 = 2082.15; p < 0.001) with 
Platysaurus i. wilhelmi lizards showing greatest endurance in winter, next greatest in 
summer (β = 0.766) and the shortest endurance in spring (β = 0.240 figure 1.5). 
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Figure 1.5. Platysaurus i. wilhelmi showed the greatest endurance in winter followed by lizards 
caught in summer. I measured 46 lizards in spring, 47 in summer and 52 in winter. Values are given 
as means with bars indicating range. 
 
Body condition was not predicted by season (Wald χ22 = 2.88; p = 0.24) over the course 
of the year (see figure 1.6). 
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Figure 1.6. Platysaurus i. wilhelmi body condition did not change in three seasons, based on a sample 
of 46 lizards in spring, 47 in summer and 52 in winter.  Values indicate means with bars showing 
range 
 
Season was a significant predictor of immune response (Wald χ22 = 146.37; p < 0.001) 
with males showing a decrease in summer (β = 0.550) while there was no significant 
difference between winter and spring (β = 0.002, figure 1.7). 
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Figure 1.7.  Immune response was lower in summer compared to winter and spring in P. i. wilhelmi 
(n = 46 lizards in spring, 47 in summer and 52 in winter). Values are shown as means with whiskers 
indicating standard error. 
 
Season was not a predictor of chromatic contrast (figure 1.8 and table 1.1). 
 
Table 1.1. GLZ analyses of the influence of season on chromatic contrast of colour 
patches 
Body region  Wald χ2  p 
Flank  0.22  0.90 
Front leg  0.20  0.90 
Back leg  0.34  0.84 
Abdomen  0.32  0.85 
Tail  1.98  0.37 
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Figure 1.8. Chromatic contrast did not differ in any body region of P. i. wilhelmi between spring, 
summer and winter in P. i. wilhelmi. (n = 46 lizards in spring, 47 in summer and 52 in winter). 
Values indicate medians with boxes showing interquartile range and whiskers indicating total range. 
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Season was a significant predictor of brightness values in all body regions between 
different seasons (see table 1.2 and figure 1.9). All colour patches were brightest in 
winter (flank β = 0.655, front leg β = 0.592, back leg β = 0.712, abdomen β = 0.515, tail β 
= 0.083), and front leg (β = 0.100), abdomen (β = 0.402) and tail (β = 0.202) colour was 
the least bright during summer.  
 
Table 1.2: all colour patches were brightest in winter, and several regions were the least 
bright during summer  
Body region  Wald χ2  p  Direction of change 
Flank  17560.93  p < 0.001 
Brighter in winter, no 
difference between 
spring and summer 
Front leg  7067.87  p < 0.001 
Brighter in winter and 
least bright in 
summer, spring 
intermediate 
Back leg  19154.55  p < 0.001 
Brighter in winter, no 
difference between 
spring and summer 
Abdomen  10978.03  p < 0.001 
Brightest in winter 
and least bright in 
summer, spring 
intermediate 
Tail  937.29  p < 0.001 
Brightest in winter 
and least bright in 
summer, spring 
intermediate. 
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Figure 1.9. Season was a predictor of colour patch brightness in P. i. wilhelmi. (n = 46 lizards in 
spring, 47 in summer and 52 in winter) over three seasons. Values show medians with boxes showing 
interquartile range and whiskers showing total range. 
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Morphological predictors of male quality 
Chromatic contrast of various body regions was a significant predictor for aspects of 
male quality (see table 1.3). The only aspect not predicted by any morphological 
characters was body condition, although weight (a component of body condition) was a 
predictor of head width. 
 
Table 1.3. Chromatic contrast predicts aspects of male quality, and weight predicts head 
width 
Indicator of quality  Predictors  F1,147  p  Direction of 
influence 
Endurance  SVL 
Front leg chromatic contrast 
Back leg chromatic contrast 
Tail chromatic contrast 
4.81 
8.48 
9.81 
8.34 
0.030 
0.004 
0.002 
0.004 
positive 
negative 
positive 
positive 
Immune response  Tail chromatic contrast 
Back leg chromatic contrast 
7.11 
10.26
0.009 
0.002 
negative 
positive 
Size (snout‐vent‐
length) 
Flank brightness  4.61  0.033  positive 
Head size (indicator 
of bite‐force) 
Head width predicted by 
weight 
Head length: 
Flank chromatic contrast 
Front leg chromatic contrast 
Back leg chromatic contrast 
6.12 
 
11.36
6.02 
10.42
0.015 
 
0.001 
0.155 
0.001 
positive 
 
positive 
positive 
positive 
Body condition  No predictors  ‐  ‐   
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Discussion 
 
The aim of my study was to test for seasonal fluctuations in testosterone, corticosterone 
and carotenoids and for associated effects on whole-animal performance and sexually 
selected traits, as well as to look for correlations between signals and indices of male 
quality. 
 
Testosterone increased significantly during the height of the breeding season. This 
increase corresponded to a decrease in cell-mediated immune response, but there were no 
changes in β-carotene or corticosterone in the different seasons sampled. Platysaurus i. 
wilhelmi showed greater endurance outside of the breeding season and while there was no 
change in body condition, all colour patches showed changes in brightness between the 
different seasons. Season was not a predictor of body condition, but there was a large 
degree of variation in condition which may be due to incidental environmental stress. 
This population of P. i. wilhelmi would have experienced significant environmental stress 
in spring in 2008, when the rains began much later than usual which lead to the deaths of 
a large number of animals in the conservancy. As insect activity began later than usual it 
is possible that this affected the seasonal patterns in body condition. This has been 
observed in great tits (Parus major) where environmental stress, particularly related to 
low arthropod availability affects body condition (Carrascal et al., 1998). 
 
Elevation of testosterone with the correlated depression of immune response provides 
some support for the immunocompetence-handicap hypothesis. This hypothesis has had 
mixed support in the past with only about 50% support in one meta-analysis (Roberts et 
al., 2004). Testosterone peaking during the breeding season indicates its role in mediating 
sexually selected signals and behaviour, particularly in controlling nuptial colouration 
(Olsson, 1994). 
 
Little data has been collected on the types and levels of carotenoids found in reptiles. 
Most studies have been on birds, where costs could be temporary because carotenoids 
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incorporated into the feathers may only be allocated to signals for a short period of time 
(after a moult) (Navara & Hill, 2003). However, it is unknown whether or not reptiles use 
more carotenoids in their signals during the breeding season than in other months of the 
year. Seasonal variation in carotenoid-mediated sexual signals and immunocompetence 
has not yet been investigated (Faivre et al., 2003). Understanding the types of carotenoids 
used is also important as which carotenoids are used and which are excreted also differs 
between taxa (Hill, 1999). The presence of β-carotene in lizard plasma suggests that there 
is a possibility of their having a role to play in constraints on signalling in Platysaurus i. 
wilhelmi. While there was no seasonal change in circulating plasma β-carotene 
concentrations, carotenoid concentrations in plasma do not always accurately reflect 
levels in the tissues (Pérez-Rodríguez, 2009). Blood samples are the most viable option to 
obtain carotenoid samples in small lizards compared to biopsy-type sampling used in 
larger animals but care must be taken in interpreting plasma carotenoid levels in future 
studies. In order to understand the role of carotenoids in signals, manipulations could 
provide a clearer picture than correlations to potentially unreliable plasma concentrations. 
Corticosterone concentrations showed a non-significant trend towards an increase during 
the breeding season compared to outside of the breeding season. Although this is not be a 
significant seasonal fluctuation, it is still a possibility that this does have a role to play in 
signalling and with manipulations and larger samples we should be able to see if this is 
the case. 
 
As locomotor performance is associated with dominance (Perry et al., 2004) and 
endurance is an important aspect of patrolling territories, I expected an increase in 
endurance associated with increasing testosterone in the summer months. This was not 
the case as endurance was greater in lizards caught in winter. The decrease in endurance 
in the breeding season is not entirely unprecedented. In Lacerta monticola dominant 
males had larger heads but more asymmetrical femur length than subordinates and so 
exhibited a trade-off between locomotor performance and dominance  (López & Martín, 
2002), which could be based on conflicting pressures of sexual and natural selection by 
allocating energy to reproduction and to predator avoidance. Sexual signals or displays 
often increase conspicuousness to predators (Zuk & Kolluru, 1998) thereby increasing 
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predation risk in the breeding season when lizards are patrolling territories and signalling 
to conspecifics. Consequently, male Platysaurus i. wilhelmi would compete for territories 
and females in the breeding season. In winter, their energetic demands would not be as 
high, which could lead to greater energy allocation to performance. In winter I rarely saw 
Platysaurus i. wilhelmi in their usual places on rocky outcrops and along crevices and 
found them frequently in the vegetation along the edges of outcrops and often relatively 
near to other male P. i. wilhelmi males (pers. obs.), so there is also a possibility that they 
need increased endurance to forage over a larger area when food is not as abundant as 
during the breeding season. 
 
In most cases here, predictors of male quality are chromatic aspects of colouration. 
Bearing in mind that testosterone levels changed over the seasons, it is surprising that the 
brightness of colour patches seems to be more plastic than the chromatic aspects where 
brightness has been standardised. In all cases, colours were brighter in winter, so as these 
lizards live on light-brown coloured granite outcrops, they would be more conspicuous 
when their colours were darker during the breeding season. 
 
For endurance, immunocompetence, body size and head dimensions, there was a positive 
correlation between a trait and the chromatic contrast of one or several body regions. This 
is logical since a high chromatic contrast between the lizard and the rock would make a 
signal more conspicuous to conspecifics and therefore they are appropriate signals of 
male quality. The only exception to this would be the relationship between the chromatic 
contrast of the tail and immune response: males with better immune response had less 
conspicuous tails. This supports the hypothesis of oxidative stress hypothesis, where 
there is a trade-off between the allocation of carotenoids used in immune response and 
used in signals (Lozano, 1994). 
 
Platysaurus i. wilhelmi males are highly aggressive to conspecific males. The fact that 
head dimensions, which are an important aspect of bite force, are uncoupled from 
indicators of body size suggests that this trait is linked to other aspects of quality than 
size. This is also true for Anolis carolinensis where testosterone predicted dewlap size 
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and bite force – both sexually selected traits – but this effect disappeared with correction 
for body size (Husak et al., 2007). Another study on A. carolinensis found bite force to be 
a plastic trait (Irschick et al., 2006), which makes it likely to be condition-dependent.   
 
This study provides support for the ICHH in that seasonal fluctuations of testosterone 
correspond to a decrease in cell-mediated immunocompetence. This can be investigated 
further by performing experimental manipulations. The relationship between tail colour 
and immunocompetence also suggests that carotenoids are involved in a trade-off 
between health and signalling. Fluctuations over the course of the year also show that 
there is some plasticity of signals and so this is a good system to begin an in-depth study 
on integrative aspects of constraints to signalling, particularly since colour measures 
predict aspects of quality in these lizards. 
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CHAPTER 2 
Testing the immunocompetence handicap hypothesis in 
free-living and captive lizards 
Introduction 
Folstad and Karter (1992) proposed the immunocompetence-handicap hypothesis 
(ICHH), which suggested that testosterone-mediated traits are limited by their effect on 
the immune system where testosterone acts as a ‘double-edged sword’. Only high quality 
males should be able to withstand the immune costs associated with high levels of 
circulating testosterone. Links between androgens and immunocompetence have been 
found mainly in birds (Folstad & Karter, 1992). Moreover, in sexually dimorphic species, 
females are sometimes less susceptible to parasites than males (e.g. Deviche & Cortez, 
2005) or have a better immune response (Folstad & Karter, 1992), lending credence to 
the immunosuppressive effects of testosterone. Because immune and endocrine systems 
are linked, it is logical to assume that hormonally-linked traits, such as secondary sexual 
characteristics, should be influenced by the immune system (reviewed in Ahmed & Talal, 
1990). This leads to a trade-off between risk of infection and the potential of increased 
reproductive success (Folstad & Karter, 1992; Zuk, 1996; Slater & Schreck, 1997), and 
males of lower status may have less elaborate ornaments and lower androgen levels 
(Folstad & Karter, 1992).  
 
Androgens play a significant role in modulating behavioural plasticity and the 
development of secondary sexual characters (Saraiva et al., 2010). Elevated levels of 
testosterone promote the development and maintenance of secondary sexual characters 
such as colouration, that have been selected to signal male quality, particularly in 
sexually dimorphic species (e.g. Saino & Møller, 1994; Lemos-Espinal et al., 1996; Zuk, 
1996; Wade, 1997; Deviche & Cortez, 2005). These secondary sexual characters can 
include armaments such as badges of status, which are signals used to assess rivals during 
contests (Lemos-Espinal et al., 1996; Whiting et al., 2003). These badges are typically 
used in behavioural displays (LeBas & Marshall, 2000) and can provide information on 
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aspects of male condition and quality such as health, immunocompetence (e.g., McGraw 
& Ardia, 2003), aggression, fighting ability (Olsson, 1994) and dominance status (e.g., 
Thompson & Moore, 1991). These signals are often correlated with other measures of 
quality such as body condition (Saino & Møller, 1994; Buchanan et al., 2001) or activity 
levels (Galeotti et al., 1997), and possibly reduced parasite load (Olsson et al., 2000). 
Testosterone increases activity levels (Lynn et al., 2000; Lovern et al., 2001), aggression 
(Lovern et al., 2001), and male-specific behaviours (Nelson, 2000; Whittingham & 
Schwabl, 2002; Dugatkin, 2004; but see McDonald et al., 1995; McDonald et al., 2001) 
such as display behaviour and mate-guarding (Wingfield et al., 1990; Lovern et al., 
2001). Behaviours indicative of illness – such as reduced activity and reduced food 
consumption, may limit the viability of an infection by minimising a pathogen’s access to 
nutrients and keeping the body at an undesirable temperature (Ashley et al., 2009). For 
example, male songbirds with increased testosterone suppressed behaviour associated 
with illness compared to controls after an experimental immune challenge which may be 
another trade-off to increased testosterone (Ashley et al., 2009). Increased testosterone is 
also linked to high mating success (Hamilton & Zuk, 1982; Saino & Møller, 1994; but 
see Seutin, 1994) and improved locomotor performance (Olsson et al., 2000) which has 
important implications for dominance status (Zuk, 1996) with dominant males having 
significantly higher androgen levels than subordinates (Robson & Miles, 2000; Bales et 
al., 2006). Locomotor performance is related to dominance in nature (Perry et al., 2004) 
and is also related to the ability of male lizards to establish larger and/or better territories 
in the field (Garland et al., 1990). This may be due to testosterone increasing muscle size 
(Husak & Irschick, 2009) and although there is strong evidence of testosterone improving 
‘burst’ speed in sprinting, there is very little unequivocal evidence of the effects of 
testosterone on endurance (Husak & Irschick, 2009). 
 
A meta-analysis (reviewed in Roberts et al., 2004) found that approximately half of 
twenty-two studies testing Folstad and Karter’s (1992) ICHH model have found support 
for it, which means that in order to study any constraints on testosterone in sexually 
dimorphic characters we need to test the benefits of testosterone empirically first. 
Testosterone clearly plays multiple, complex roles in behaviour and physiology which 
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may explain the equivocal results in testing the ICHH. Recently, there has been a move to 
investigate the roles of hormones in a more integrative manner (Husak et al., 2009) by 
investigating multiple aspects of health, fitness and performance concurrently. One 
approach, which is currently lacking, is to attempt to tease apart exogenous (such as 
changes in behaviour or dominance) and endogenous (purely physiological such as direct 
responses of the immune system or metabolism with testosterone) factors by 
manipulating the influence that the external environment has on an animal. For example, 
if maintaining high levels of testosterone is predominantly costly in terms of energetic 
expenditure (Buchanan et al., 2001), social costs such as increased agonistic encounters 
(Eisenegger et al., 2011) and environmental hazards such as increased predation risk 
(Deviche & Cortez, 2005) might change other physiological factors which we may 
wrongfully attribute to testosterone or exposure to parasites and pathogens (Cox & John-
Alder, 2007). In this case, free-ranging males with high testosterone levels should show a 
different response to increased testosterone levels than males kept in a controlled captive 
environment. If increased activity leads to logically increased access to high-quality 
nutrients due to increased time foraging or distance travelled, we could expect free-
ranging animals to show less of a response to elevated testosterone than captive animals, 
particularly in light of recent evidence showing that signals are often controlled by 
fluctuating demands of the immune system (Greiner et al., 2010). These demands of the 
immune system may be ameliorated by food containing high quality antioxidant pigments 
(Lozano, 1994).  
 
Using Platysaurus intermedius wilhelmi as a model, my study had two aims. First, I 
aimed to test the immunocompetence-handicap hypothesis. I predicted that with 
experimentally elevated testosterone, males would show an improvement in endurance 
and body condition (due to the building of muscle mass) and that their colour patches 
would become more conspicuous against their habitat than males with control implants. 
The second aim was to investigate the extent to which exogenous factors may be 
influencing the effects of testosterone on physiology by comparing the effects of 
testosterone manipulation on captive and free-ranging lizards. By comparing the effects 
of testosterone on males in a controlled environment with males exposed to other factors, 
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I investigated whether other factors, such as nutrient availability or social factors, might 
be influencing signals and immunocompetence. As the traditional theory states that 
testosterone is limiting merely in terms of immunocompetence, I predicted that males 
which are free-ranging for the duration of the experiment would show no difference in 
their response to elevated testosterone than males in a captive setting during this 
experiment as the modulating factors would be entirely endogenous and not affected by 
environmental factors. 
Methods 
Study system 
Platysaurus intermedius wilhelmi is a small (maximum snout-vent length 83 mm) 
cordylid lizard found on rocky outcrops in southern Africa. They breed in spring and 
early summer (Branch, 1998). These lizards are sexually dimorphic with colourful males 
(Lailvaux et al., 2003b) with green flanks and front legs, greenish blue back legs and 
blue-black abdomens and bright orange tails. Females are drab brown and black with 
straw-coloured tails (Branch, 1998). As with all flat lizards they have dorsally-
compressed bodies, allowing them to use narrow crevices as refuges. Their habitat is 
primarily on smooth granite domes and outcrops which exfoliate in large sheets. 
  
I conducted field work primarily at Pullen Farm (S 25°34,358’ ; E 031°10.879’) in the 
Crocodile River Nature Conservancy, a 30 000 ha area situated approximately 30 km east 
of Nelspruit, South Africa. The area is a lowland mesic savannah, with large exposed 
regions of granite bedrock. 
 
Handling and marking of lizards 
I captured lizards on lines of Catchmaster® 48R non-toxic glue traps (27 x 13 cm) and 
Trapper® glue boards (26 x 12 cm). In addition to the trapping and marking protocol 
outlined in detail in chapter 1, to facilitate recapturing of free-living lizards I marked 
lizards temporarily by writing larger numbers on their dorsum with a Pilot® white opaque 
non-toxic xylene-free paint pen.  
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Testosterone 
I assayed testosterone from blood collected from the suborbital sinus according to the 
protocol outlined in chapter 1. Briefly, I drew a blood sample of approximately 150 µL of 
blood upon capture which was kept on ice until centrifugation and separation within 
hours of capture. Plasma was stored frozen at the field station and then transported to the 
University of the Witwatersrand where it was stored until assayed. I assayed testosterone 
by using DPC Coat-A-Count Total Testosterone kits following a pilot assay with 
experimental dilutions of different samples in order to obtain the optimal dilution ratio. 
These kits have been validated with plasma from closely related lizards (Whiting et al., 
2006). 
 
I made implants by filling 5 mm lengths of silastic tubing with 3 µL of a solution of 
testosterone (100 µg testosterone µL-1) in dimethyl sulfoxide (DMSO). I sealed the ends 
of each tube with silicon adhesive and the DMSO evaporated through the tubing, leaving 
the hormone in the lumen. Control implants were made in the same way but filled with 
pure DMSO (Cox et al., 2005a). 
 
The effects of testosterone on free-ranging and captive lizards 
I collected 40 males and measured morphological characters, locomotor performance and 
cell-mediated immune response (as described below). Once measurements were 
complete, I marked them and released them into the field, 20 with control implants and 
20 with testosterone implants. I left the study site undisturbed for two weeks and then 
recaptured marked males. I had a recapture rate of 60 %, recapturing 12 testosterone-
supplemented males and 12 control males. I collected blood samples immediately upon 
capture in order to validate the efficacy of the implants and then repeated all of the 
measurements that I had taken before their release.  
 
To measure the effects of testosterone in isolation from variable environmental factors I 
also collected 26 male P. i. wilhelmi and housed them indoors at the field station in 
individual semi-opaque plastic boxes with lids (230 x 320 x 140 mm) and fed them on 
wet cat food three times a week, supplemented with Beefee powder (® Bayer) once a 
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week and water ad libitum. The field station was within kilometres of the trapping sites 
and so the environmental conditions of the room were similar to those of the natural 
environment. After five days for adjustment to captivity, I took blood samples and 
measured endurance, morphology and immunocompetence. After two weeks I took a 
second blood sample from each lizard and measured endurance, immunocompetence, 
body condition and colouration again, before removing their implants and releasing them. 
 
Morphological measurements and spectroradiometry 
All morphological measurements were taken using the protocol outlined in chapter 1. I 
measured weight and snout-to-vent length (SVL) in order to calculate a body condition 
index by taking the residuals of ln SVL against mass (Fuxjager et al., 2010).  
 
I measured the spectral reflectance of the throat, abdomen, flank, front and back legs and 
tails of each lizard as outlined in chapter 1. As in the previous study I used an average of 
two readings for each measurement in analyses and, before measuring each lizard, I took 
calibration readings of a black standard and a 99% diffuse white standard. I processed the 
reflectance readings using the same visual modelling technique as in chapter 1. Using 
Platysaurus visual templates (chapter 1), I calculated both chromatic and achromatic 
aspects of colour. The chromatic aspect of colour that I used is termed chromatic contrast 
which is the Euclidean distance in tetrahedral colour space between the area measured 
and the background habitat. This technique standardises brightness and so isolates the 
chromatic aspect of colouration. The achromatic aspect is measured as brightness i.e. the 
total light reaching the eye when reflected from the surface measured. 
 
Immunocompetence 
To measure immune response I used a delayed-type hypersensitivity test using 
phytohaemagglutinin (PHA) (Smits et al., 1999) as outlined in chapter 1. Briefly, I 
compared swelling of a foot injected with 0.03 ml phosphate buffered saline (PBS) 
containing 50 mg of PHA (Sigma, L-8754) with the opposite foot injected with pure PBS. 
A higher degree of swelling indicates a stronger immune response.  
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Endurance 
I measured endurance as the length of time a lizard walked on a belt (30 x 40 cm) (e.g. 
Sinervo et al., 2000; Garland et al., 1990)  moving at 0.4 km.h-1 before it failed to 
maintain its position more than three times (Miles et al., 2007) in keeping with the 
protocol outlined in chapter 1.  
  
Statistical analyses 
For each measurement I ran a Generalized Linear Model (GLZ) using a Logit link 
function. I used the period of measurement (i.e. before or after manipulation) as the 
dependent variable using a binomial error structure as there were two measurements for 
each lizard. I used implant type (testosterone or control) and location (free-ranging or 
captive) as categorical predictors in all cases. I used β-estimate coefficients to assess 
differences between first order effects and descriptive statistics to determine the direction 
of change. All statistics were performed in STATISTICA 6.0 (Statsoft). As GLZ analyses 
count data rather than means, graphs indicate medians, interquartile and range.  
 
Ethical note 
This study was approved by the Animal Ethics and Screening Committee of the 
University of the Witwatersrand. Clearance numbers; carried out under 2007/64/03, with 
a provincial permit from the Mpumalanga Parks Board MPB5211. 
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Results 
Testosterone levels 
Implant type was a significant predictor of testosterone concentration (Wald χ21 = 
23588.3, p < 0.001) in P. i. wilhelmi where lizards with testosterone implants had higher 
testosterone levels (β = 1.164) two weeks after the insertion of implants than lizards with 
control implants. Captive males had lower baseline testosterone levels (β = 0.141) than 
free-ranging males (figure 2.1). 
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Figure 2.1. Testosterone levels before the insertion of implants and two weeks after insertion of 
implants in P. i. wilhelmi. In all cases testosterone implants increased testosterone significantly, while 
baseline levels of testosterone were lower in captive than in free-ranging lizards at the beginning of 
the study. Values indicated are medians with boxes showing interquartile range and whiskers 
showing total range. 
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Body condition 
Neither experimentally elevated testosterone (Wald χ21 = 0.2; p = 0.69) nor housing 
condition predicted body condition in P. i. wilhelmi (Wald χ21 = 0.2; p =0.617 figure 2.2).  
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Figure 2.2.  Experimentally elevated testosterone did not predict body condition in P. i. wilhelmi, 
which shows that body condition was not influenced by exogenous testosterone. Values indicated are 
medians with boxes showing interquartile range and whiskers showing range. 
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Immune response 
Implant type and housing condition were predictors of immune response (Wald χ21 = 5.3, 
p = 0.021). Free-living P.i wilhelmi males with testosterone implants showed a decrease 
in immune response (β = 0.134, figure 2.3).  
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Figure 2.3. Free ranging P. i. wilhelmi males with testosterone implants showed a significant decrease 
in immune response two weeks after the insertion of implants. Values indicate medians with boxes 
indicating interquartile range and whiskers showing total range. 
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Endurance 
Implant type was a significant predictor of endurance (Wald χ21 = 55.3, p < 0.001). Both 
free-living and captive lizards with testosterone implants ran for longer than their 
respective controls (β = 0.187), and free-living lizards ran for longer than captive lizards 
(β = 0.753). There was an interaction between housing condition and implant type, where 
free-living lizards with testosterone implants improved more than their captive 
counterparts over the course of the experiment (β = 0.0.439, figure 2.4).  
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Figure 2.4.  Implant type predicted endurance in P i. wilhelmi with lizards with testosterone implants 
outperforming control individuals significantly and this effect was significantly more pronounced in 
free-ranging lizards. Values indicated medians with boxes showing interquartile range and whiskers 
indicating total range. 
 
While lizard body temperature was a significant covariate in the model, a correlation 
showed only a weak link explaining very little of the variance between body temperature 
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and time on the treadmill (R2 = 0.0331; r = 0.18, p = 0.21) which suggests that it is not of 
overriding significance in this case.  
 
Chromatic contrast 
Neither testosterone (Wald χ21 = 0.4; p =0.513) nor captivity (Wald χ21 = 0.6; p =0.422) 
were predictors of the chromatic aspect of conspicuousness between lizards and rocks 
(figures 2.5 and 2.6). 
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Figure 2.5. Testosterone did not predict chromatic contrast of captive P. i. wilhelmi. Boxes show 
inter-quartile range and whiskers indicate total range 
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Figure 2.6. Chromatic contrast between colour patches and rock habitat was not predicted by 
testosterone after 14 days in free-ranging P. i. wilhelmi. Boxes indicate inter-quartile range and 
whiskers show total range. 
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Brightness 
Testosterone implants predicted brightness in both captive and free-living P. i. wilhelmi 
(Wald χ21 = 2382.4; p < 0.001, Figure 2.7). Lizards with testosterone implants had darker 
back legs (β = 0.070) and abdomens (β = 0.367) and brighter tails (β = 0.014), flanks (β = 
0.05) and front legs (β = 0.165) than lizards with control implants. 
 
Housing condition (free-living or captive) had a significant effect on brightness (β = 
0.753) where the changes were in the same direction but more pronounced in the free-
living lizards than captive lizards in all cases except for back leg brightness which was 
the same in both groups (β = 0.147, figures 2.7 and 2.8). 
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Figure 2.7.  Experimentally increased testosterone lead to  darker back legs and abdomens and 
brighter flank, tail and front leg regions in P. i. wilhelmi. This effect was visible in both groups 
(captive and free-ranging) but changes were of a smaller magnitude in captive lizards (shown here). 
Boxes indicate inter-quartile range and whiskers show total range  
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Figure 2.8.  Changes in brightness showed a higher magnitude change in free-ranging (shown here) 
than in captive P. i. wilhelmi. In all cases, males with testosterone implants had darker back legs and 
abdomens and brighter flank, tail and front leg regions than control lizards. Boxes indicate inter-
quartile range and whiskers show total range.  
 
Discussion 
The aim of my study was to test the immunocompetence-handicap hypothesis in P. i. 
wilhelmi and to compare the effects of experimentally elevated testosterone on free-living 
and captive lizards. 
 
Both free-living and captive lizards with testosterone implants showed no change in body 
condition or chromatic contrast of colour patches. Testosterone-implanted free-living 
males showed a decrease in immune response compared to free-living control lizards 
while there was no difference between testosterone-implanted and control males in 
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captivity. Both free-living and lab-housed lizards (free-living and captive-housed) with 
elevated testosterone performed better in endurance trials than control males and also had 
brighter flanks and front leg colour and darker back legs, tails and abdomens than control 
males. 
 
Testosterone implants raised circulating plasma testosterone levels by an average of 
200%. While this is out of their natural population range, that is not unique to this study 
(e.g., Grear et al., 2009) and as there were effects of testosterone implants on phenotype it 
is unlikely that receptors were saturated before insertion of implants. Male Platysaurus i. 
wilhelmi with testosterone implants showed greater endurance than males with control 
implants as well as brighter flanks and front legs and darker back legs, abdomens and 
tails than males with control implants. Males confined for the course of the experiment 
showed less of an improvement in endurance following testosterone implantation than 
free-ranging males. Free-ranging males also showed a significant decrease in 
immunocompetence that was not apparent in captive males. 
 
I predicted a decrease in body condition as the energetic costs of testosterone took effect 
(e.g. Ketola et al., 2009; Malo et al., 2009). This was not the case in either free-ranging or 
captive males. While males in captivity had no opportunity to increase their activity 
levels or territory patrols, the fact that there was no change in body condition for free 
ranging males is counter-intuitive. One possible explanation is that if the supplemented 
testosterone (with its concurrent increased endurance) lead to an increase in male home 
range size then the quality of food available might have outweighed the costs of moving 
in such a large area, particularly when insects tend to aggregate in small areas. 
 
If the immunocompetence-handicap model was supported, I would have expected a 
decrease in delayed-type-hypersensitivity (as a measure of cell-mediated immunity) 
following the insertion of testosterone implants. This was the case in free-ranging males 
but not in captive males. This discrepancy between captive and free-ranging individuals 
has been reported in birds (Ketterson et al., 2001) (where it was considered to be an 
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artefact of stress in captivity) and is another indication that we need to investigate the 
costs and constraints of endocrine control of signalling in a more integrative manner.  
 
The demands of the immune system are dynamic and affected by a variety of 
environmental factors (Greiner et al., 2010) and recent evidence shows that testosterone-
mediated traits and immunocompetence work through a feedback loop rather than a linear 
relationship (Greiner et al., 2010). This difference between captive and free-ranging 
lizards may be explained by the different stressors to which captive and free-ranging 
animals were exposed.  Captive animals in general are under chronic stress as a by-
product of captivity and they are not affected by other more acute stressors (such as 
social interactions or the need to find food) which affect their free-ranging counterparts. 
One major difference between free-ranging and captive animals is that animals in a 
captive environment would experience more chronic stress than free-ranging males. This 
has been found in cheetahs (Terio et al., 2004) over a long time period as well as in wild 
chukars (Alectoris chukar) who mounted and maintained a chronic stress response for 
several days after capture (Dickens et al., 2009). As testosterone and corticosterone share 
receptors and are inversely related it is possible that differing levels of corticosterone 
may be affecting my results. The stress-linked immunocompetence-handicap hypothesis 
proposes that testosterone does not affect signals directly but, instead, it covaries with 
corticosterone. Therefore, corticosterone levels are actually used to modulate signals of 
male quality and changes in testosterone are merely coincidental (Bortolotti et al., 
2009b). Other studies have found that only a combination of corticosterone and 
testosterone has an effect, rather than either hormone in isolation (Roberts et al., 2006). 
While my study does not investigate the effects of corticosterone directly, the role played 
by captivity on the effectiveness of testosterone implants suggests that the influence of 
stress on lizard physiology is considerable and needs to be explored. 
 
Captive and free-ranging male flat lizards with testosterone implants showed a significant 
increase in endurance and ran for longer than control males over the course of the 
experiment. The improvement was more pronounced in free-ranging lizards compared to 
captive males. This effect of housing is logical - while muscle mass may increase, the 
 55
muscles are not necessarily ‘trained’ and so the benefits of larger muscles will not have 
as great an effect on the outcome of endurance trials (Husak & Irschick, 2009). As 
mentioned above, endurance is an important predictor of social status where it is 
established that males with high levels of testosterone are often dominant. This may be 
due to links between dominance and home-range size where dominant lizards have to 
cover large areas while patrolling their territories (Sinervo et al., 2000). While the 
territory size of P. i. wilhelmi is not known, they are highly active, particularly in the 
presence of other males, and some individuals do cover large areas (pers obs). 
  
If testosterone does mediate male signals, I would predict that males with artificially 
elevated testosterone would show an increase in conspicuousness against their rocky 
habitat. As colour has two aspects – achromatic (i.e. brightness) and chromatic (location 
in colour-space), male P. i. wilhelmi with testosterone implants are expected to become 
less bright in order to contrast with their light-coloured granite habitat (achromatic 
aspect) as well as having a larger Euclidean distance between their colour-patches and 
rocks (chromatic aspect). Males with testosterone implants had darker back legs, 
abdomens and tails and brighter flanks and front legs. This is somewhat counter-intuitive 
because the posterior area (i.e. back legs, abdomens and tails) did become more 
conspicuous against the granite of their habitat than prior to manipulation, their flanks 
and front legs became brighter which would be less conspicuous against the rocks than at 
the beginning of the experiment. 
 
As the brightness of the posterior region of male lizards (tail, hind leg and abdominal 
colours) responded to experimentally elevated testosterone by becoming darker, it is 
logical to assume that these regions are for signalling. This is most frequently found in 
predator-prey signalling where lizards direct predation to the tail which can be 
autotomised (Cooper, 2001) and changes in predation-pressure may very well be a 
limiting factor in testosterone-based colouration in this region. Tails that become 
colourful at maturity have also been linked to a decrease in ‘risky’ behaviour which 
compensates for the associated predation-pressure (Hawlena, 2009). Adult male flat 
lizards do have more colourful tails than the straw-coloured tails of females and juveniles 
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and I have observed males holding the centre portion of the tail up in the air when 
displaying to another male (pers obs). 
 
Males tend to interact by standing side-on in an elevated position (pers. obs.) and it seems 
strange that their flank and front leg colouration would become brighter (i.e. more similar 
to the granite background) as these areas are the closest to opponent males during 
displays. There are two possible explanations for this: the front body regions contrast 
more strongly with the black throat region and therefore actually make displays more 
conspicuous; or the measurement of immune response could have increased the demands 
of the immune system and therefore have affected colouration. This effect being evident 
in males with testosterone implants rather than controls is in keeping with the idea of the 
immunocompetence-handicap hypothesis where the feedback loop between the immune 
system and signals affects lizard brightness.  
 
Contrary to my prediction, experimentally elevated testosterone did not affect chromatic 
aspects of P. i. wilhelmi colour patches. This is surprising, considering that bright colours 
are male-specific and in sexually dimorphic species male traits are usually testosterone 
dependent. Some studies have found similar results. For example, mandrills (Mandrillus 
sphinx) lack sufficient variation in a healthy population to show a link between male 
facial colouration and condition or parasites (Setchell et al., 2009). We must consider the 
possibility that testosterone is actually not the mediator of the chromatic aspects of male 
colouration. In a previous study on the closely related P. broadleyi, testosterone levels 
were related to throat colour hue (i.e. a chromatic aspect of colour) but not with 
brightness (i.e. achromatic aspects) at all (Whiting et al., 2006).  
 
There is also the possibility that as trials took place in the breeding season; males were 
already functioning with maximal testosterone levels for available receptors. Additional 
testosterone will not change traits if the animal has no free receptors and thus we would 
not observe a change. Receptor saturation can be a significant factor in controlling sexual 
dimorphism in lizards (Cox et al., 2005b). However, the fact that there were significant 
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changes in some factors (endurance, immunocompetence and brightness) makes this 
unlikely because if receptors were saturated there should be little change at all. 
 
While the predictions that we can make and test with the ICHH are simple, the systems 
involved are so complex that there is seldom a clear relationship between testosterone 
and the animal under study. We must remember that there may be indirect effects, such 
as increased movement or extended activity time, leading to greater exposure to parasites 
and parasites that may compromise the individual’s health and immune system (Cox & 
John-Alder, 2007). My study provides a new perspective on the traditional studies of the 
immunocompetence-handicap hypothesis in that I have investigated the effects of 
testosterone on multiple aspects of performance and phenotype as well as examining the 
effects on isolated animals and free-ranging animals which show that there are also 
exogenous factors affecting their responses. The results suggest that while testosterone 
plays an important role in signalling, locomotor performance and immunocompetence, it 
is not the only factor involved. While the ICHH is an important starting point in 
investigating these relationships, other, more complex models should also be 
investigated, particularly in light of the differences between endogenous and exogenous 
factors suggested here. 
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Chapter 3: Testing the effects of exogenous 
testosterone on female flat lizards  
Introduction 
The immunocompetence-handicap hypothesis (ICHH) predicts that testosterone functions 
as a ‘double-edged sword’ where its influence on male signalling and behaviour is 
hampered by associated immunosuppressive effects because increased testosterone leads 
to immunosuppression (e.g. Folstad & Karter, 1992). This requires two main 
assumptions: first, that testosterone is mediating male secondary sexual traits and second, 
that it has immunosuppressive properties. Testosterone is an important mediator of sex 
differences and influences morphological, physiological and behavioural phenotypes 
(reviewed in Ketterson et al., 2005; Møller et al., 2005). While the evidence for the ICHH 
is equivocal with only approximately half of the studies investigating it finding any 
support for the model (reviewed in Roberts et al., 2004), we cannot discount it without 
investigating the effects of testosterone completely.  
 
One potentially confounding factor is that male signals may, to some extent, be under 
organisational rather than activational control. The action of a hormone on a trait is 
regarded as ‘activational’ if changing levels of that hormone affect trait expression (Hews 
et al., 1994). This means that trait expression should co-vary with testosterone levels 
(Hews et al., 1994). A hormone has an ‘organisational’ effect on a trait if it plays a role in 
the development of that trait, but the trait becomes fixed during early life and cannot be 
significantly altered with additional hormone exposure. This also applies to traits where 
organisational effects are required to lay the pathways for interactions with hormones at a 
later stage (Lovern et al., 2001). One way to test the relative influence of organisational 
and activational effects is to determine the effects of testosterone on females because they 
will have been exposed to significantly less testosterone than males over the course of 
their development. Hormones act as proximate factors regulating sex-specific phenotype 
expression, and suites of traits are mediated by the same hormones (Ketterson et al., 
2005). For example, female ruffs that were given subcutaneous testosterone implants 
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caused the development of male-specific behaviour as well as male-specific plumage 
(Lank et al., 1999). These effects were reversible, indicating that these traits are 
activational and controlled by testosterone. In a study on tree lizards, alternative 
reproductive tactics are androgen-controlled and fixed within 60 days post-hatching, but 
testosterone continues to affect growth rates after this period (Hews & Moore, 1996). 
Females also developed male colouration only if administered androgens as juveniles, not 
when given testosterone as adults which suggests that these colours are under 
organisational control (Hews & Moore, 1995). There have also been studies on the 
organisational effects of testosterone: elevating testosterone in juvenile Sceloporus 
undulatus females led to the development of male-specific colouration whereas castrated 
males did not develop this colouration (Cox et al., 2005b). In adult tree lizards 
(Urosaurus ornatus), males with different throat colours did not differ either in 
testosterone or in corticosterone levels (Thompson & Moore, 1992). Increasing 
testosterone levels in lizards at an early age resulted in colour differences between males 
with testosterone implants and controls, even when using a relatively low dose of 
testosterone (Hews et al., 1994). Further manipulations of the hormone did not change 
trait expression and individuals with similar levels of trait expression can have vastly 
different hormone levels (Hews et al., 1994).  For example, the face colour of Sceloporus 
undulatus erythrocheilus lizards increased in intensity when testosterone levels were 
experimentally increased, while ventral colour increased significantly more in males than 
females, suggesting that testosterone may have had an organisational effect in changing 
the limits of trait expression (Rand, 1992). 
 
Testosterone is secreted by males and females (Nelson, 2000). While testosterone plays a 
role in several aspects of behaviour and physiology in males and females (reviewed in 
Staub & De Beer, 1997) the role of testosterone in females is still relatively unclear 
(Zysling et al., 2006). Besides the obvious roles of testosterone in influencing male-
specific ornaments, behaviour, and sperm production, testosterone plays a pivotal role in 
the growth and development of juveniles, particularly in muscle and organ formation as 
well as neuron survival (Nelson, 2000; Staub & De Beer, 1997). Females also show 
seasonal fluctuations in testosterone, which peak during vitellogenesis, strongly 
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suggesting a role in female reproduction. There are not very many empirical studies on 
the effects of manipulations of testosterone in females, despite a wealth of information on 
the effects on males. To date, research (mostly on birds) showed that elevated 
testosterone in females leads to decreased cell-mediated immunity, increased aggression 
as well as increased corticosterone and HPA responsiveness (Zysling et al., 2006), 
decreased weight, delayed moulting and egg-laying (Edler et al., 2010; Clotfelter et al., 
2004) and lack of brood patches for incubation (Clotfelter et al., 2004). Elevated 
testosterone in European starlings did change bill colour from black to yellow in females 
(De Ridder et al., 2002) but this is a rare example of elevating testosterone resulting in 
colour changes in females. While these studies do show us a great deal of the effects of 
testosterone on behaviour and activity levels, there is very little information on the effects 
of testosterone on colour ornaments in females. Much of the existing research on the 
effects of testosterone on females involves research on dark-eyed juncos (Junco 
hyernalis) which are weakly dimorphic, so there are not as many potential effects of 
testosterone on phenotype.  
 
Manipulation of testosterone in females has two potential outcomes (fig 3.1). If elevated 
testosterone in females results in similar changes to behaviour and morphology as males, 
it can be assumed that these traits are purely activational. If they respond differently, then 
either the effects on males are organisational or else organisational effects have left 
females insensitive to testosterone levels (Zysling et al., 2006) which would allow the 
evolution of male traits to occur independently (Ketterson et al., 2005). 
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Figure 3.1. Potential outcomes of experimentally elevating testosterone in females 
 
Lizards are a good model for studying condition-dependent colour signals. Plasticity in 
lizard colouration is relatively common (Husak et al., 2007), where signals are often 
plastic, changing with age, social status and various other social factors (Lemos-Espinal 
et al., 1996). Male Platysaurus i. wilhelmi with experimentally elevated testosterone 
showed improved endurance, brighter flanks and front legs, and darker back legs, 
abdomens and tails than control males (chapter 2). Also, the colour of these body regions 
predicts endurance, immunocompetence and body size including head dimensions 
(chapter 1). Males and females are similar genetically and so may have testosterone 
levels that co-vary with the testosterone levels in males. This may lead to constraints on 
male signalling based on the effects that high testosterone levels have on females 
(Ketterson et al., 2005). Testosterone is likely to be costly for both sexes, but females will 
reap fewer benefits as they will not be attempting to control territories or attract females. 
For example male and female anoles with testosterone implants showed increased 
activity levels (Lovern et al., 2001). While males may benefit from this increase in 
activity due to increased active time being used to defend territories or pursue females, 
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females would bear a high energetic cost at no reward. Another cost to females could be 
the effects of additional androgens on fitness, for example in spotless starlings increased 
testosterone reduced extra-pair offspring to females (García-Vigón et al., 2008). While a 
few studies have shown the effects of testosterone in females, very few have quantified 
the costs that these increased levels bring to the females (e.g., De Ridder et al., 2002). 
 
Flat lizards (Platysaurus) are a good system to test relationships between hormones, 
colour signals and physiology. They are small, sexually dichromatic lizards with drab 
females and brightly-coloured males. Males are territorial and highly aggressive. The 
closely related P. broadleyi has been studied extensively and male colouration has been 
found to be an important indicator of status (Whiting et al., 2003) and fighting ability 
(Whiting et al., 2006). Their strong sexual dimorphism (characteristic of this genus 
(Branch & Whiting, 1997)) makes them an ideal candidate to explore the effects of 
testosterone on females which have very different colour phenotypes to males.  
 
The aim of this study was to investigate the effects of testosterone on females in general 
with a view to understanding its role on constraints in male signalling. I predicted that 
with experimentally increased testosterone, females would show an increase in 
conspicuousness to resemble males and an increase in endurance but at the cost of 
reduced immune response and body condition. 
Methods 
Study system 
Platysaurus intermedius wilhelmi is a small (maximum snout-vent length 83 mm) 
cordylid lizard found on rocky outcrops in Mpumulanga and Kwazulu-Natal provinces, 
South Africa as well as a limited distribution in Swaziland and Mozambique (Branch, 
1998). In contrast to brightly coloured blue, green and orange males, females are drab 
and resemble juveniles with a brown and black dorsum, white and blue venter and straw 
coloured tail. I conducted field work at Pullen Farm (S 25.57°, E 031.18°) situated in the 
Crocodile River Nature Conservancy, a 30 000 ha area approximately 30 km east of 
Nelspruit, South Africa. For further details concerning the study species see chapter 1. 
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Collection and husbandry 
I collected 38 females on lines of Catchmaster® 48R non-toxic glue traps (27 x 13 cm) 
and Trapper® glue boards (26 x 12 cm) according to protocols outlined in chapters 1 and 
2. Lizards were housed indoors in individual semi-opaque plastic boxes (32 cm x 23 cm x 
14 cm) in a room in the conservancy and fed on wet cat food three times a week, 
supplemented with Beefee®  powder (Bayer) once a week and water ad libitum. All 
procedures were conducted on lizards while they were in captivity. Lizards were kept in 
captivity for five days prior to the first set of blood samples and corresponding measures. 
All of the measurements took place over three days, following which they were given 
implants, returned to their boxes and kept relatively undisturbed for 14 days at which 
point the blood samples and measurements were repeated. 
 
Elevation of testosterone 
I elevated testosterone levels in female flat lizards by following the protocol used on 
males in chapter 2. Nineteen lizards received testosterone implants and 19 received 
control implants.  
 
Testosterone assay 
I used blood collected from the suborbital sinus as according to the protocol outlined in 
chapter 1 in order to quantify plasma testosterone levels. I took all blood samples 
between 08h00-12h00, the period of peak activity for lizards, and noted the time taken to 
acquire a sample. I kept blood samples on ice until they could be centrifuged (usually 
within minutes of collection). After centrifuging samples at 3000 rpm for three minutes I 
separated the plasma and froze it immediately, until it could be assayed in the lab. 
 
To validate the success of implants at raising testosterone levels I assayed testosterone by 
using DPC Coat-A-Count Total Testosterone kits using the protocol in chapter 1. 
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Morphological measurements and spectroradiometry 
I measured the same morphological variables as the male lizards in chapter 2. Briefly I 
measured snout-to-vent length, and weight. I also measured spectral reflectance of the 
abdomen, front leg, flank, back leg and tail regions and used visual modelling techniques 
to compare differences in colour in a biologically significant way (For more detail see 
chapter 1). 
 
Immune response 
To measure immune response I used a delayed-type hypersensitivity test using 
phytohaemagglutinin (PHA) (Smits et al., 1999). I compared the swelling of one hind 
foot injected with a solution of phytohaemagglutinin in phosphate-buffered saline (PBS) 
with another foot injected with pure PBS. A higher degree of swelling indicates a higher 
cell-mediated immune response. For further details see chapter 1. 
 
Endurance 
I measured endurance as the length of time a lizard walked on a belt (30 x 40 cm) (e.g. 
Sinervo et al., 2000; Garland et al., 1990) moving at 0.4 km.h-1 before it failed to 
maintain its position more than three times (Miles et al., 2007). For more details on the 
methods of endurance measurements see chapter 1. 
 
Statistical analysis 
For each measurement I ran a Generalized Linear Model (GLZ) using a Logit link 
function. I used the time of the measurements as the dependent variable using a binomial 
error structure as there were two measurements for each lizard. This has been used 
successfully in endocrine studies in the past (e.g. Redpath et al., 2006). I used implant 
type (testosterone or empty) as a categorical predictor in all cases. I used β-estimate 
coefficients to assess differences between first order effects and descriptive statistics to 
determine the direction of change. All statistics were performed in STATISTICA 6.0 
(Statsoft). Graphs show medians and interquartile range. 
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Ethical note 
This study was approved by the Animal Ethics and Screening Committee of the 
University of the Witwatersrand. Clearance numbers; carried out under 2007/64/03, with 
a provincial permit from the Mpumalanga Parks Board MPB5211. 
 
Results 
Testosterone implants predicted circulating plasma levels significantly (figure 3.1; Wald 
χ21 = 6358.9 p < 0.001), with testosterone implants raising circulating plasma 
concentrations by up to 51 times the original level (β = 2.344). The range of testosterone 
concentrations is slightly greater than natural male breeding-season levels (chapter 1), 
with females averaging approximately 7000 ng.dL-1 while natural male levels during 
summer average at approximately 5087 ng.dL-1. 
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Figure 3.2. Testosterone levels in female P. i. wilhelmi are predicted by implant type.  Lizards with 
testosterone implants had higher testosterone levels after 14 days than lizards with control implants. 
Values show medians, boxes show interquartile range and whiskers indicate range.  
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Implant type (testosterone or control) did not predict body condition in female P. i. 
wilhelmi 14 days after insertion of implants (figure 3.3; Wald χ2 = 0.069, p = 0.79) 
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Figure 3.3. Body condition was not predicted by elevated testosterone in female P. i. wilhelmi. Values 
indicate medians, boxes show interquartile range and whiskers show total range. 
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Chromatic contrast was not predicted by implant type in female P. i. wilhelmi with 
testosterone implants and control implants (Wald χ21 = 0.49, p = 0.48, see figure 3.4.). 
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Figure 3.4. Testosterone implants did not predict chromatic contrast for any body region in female P. 
i. wilhelmi. Values indicate medians; boxes show interquartile range and whiskers show total range. 
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Implant type was a predictor of brightness (Wald χ21 = 79.64, p < 0.001) in that female P. 
i. wilhelmi with testosterone implants had less bright flanks (β = 0.065), front legs (β = 
0.214), abdomens (β = -0.134) and tails (β = -0.146). There was no effect of elevated 
testosterone on back leg brightness (β = -0.003, figure 3.5.). 
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Figure 3.5.  Implant type was a significant predictor of brightness in female P. i. wilhelmi, with 
females with testosterone implants having less bright flank, front leg, abdomen and tail regions two 
weeks after the insertion of implants than females with control implants. Values indicate medians 
with boxes showing interquartile range and whiskers showing total range. 
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Immune response was not predicted by experimentally elevated testosterone in female P. 
i. wilhelmi (Wald χ21  = 0.362, p = 0.58, figure 3.6). 
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Figure 3.6. Experimentally elevated testosterone was not a significant predictor of cell-mediated 
immune response in female P. i. wilhelmi. Values indicate medians with boxes showing interquartile 
range and whiskers showing total range. 
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Experimentally elevated testosterone was a significant predictor of endurance (Wald χ21 = 
54.755, p < 0.001). Female P. i. wilhelmi with testosterone implants outperformed control 
females implants 14 days after insertion of implants (β = 0.283, figure 3.7). 
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Figure 3.7. Female P. i. wilhelmi endurance was predicted by implant type. Lizards with testosterone 
implants outperformed control lizards 14 days after insertion of implants n = 18 lizards per 
treatment). Values indicate medians and boxes show interquartile range. Whiskers show total range. 
Discussion 
The aim of my study was to determine whether testosterone affects females in the same 
way as it affects males in order to determine whether female sensitivity is a potential 
constraint to signalling or if there is some organisational effect at play that is worth 
investigating further. 
 
Testosterone implants raised plasma testosterone in female P. i. wilhelmi to levels slightly 
higher (approximately 20% higher) than that of circulating testosterone in males during 
the breeding season (chapter 1). This was a 50-fold increase, but there was little 
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difference between females with testosterone implants and control females in immune 
response or body condition. Females with testosterone implants showed better endurance 
than control females as well as a decrease in brightness in the flank, abdomen, front leg 
and tail regions.  
 
Male P. i. wilhelmi given testosterone under the same conditions (chapter 2) as in the 
current study showed improved endurance as well as brighter flanks and front legs and 
darker back legs, abdomens and tails than control males. The similarity in the effects of 
testosterone on endurance on males and females suggests that this is a condition-
dependent trait that is controlled by testosterone. That this effect is activational rather 
than organisational makes sense since endurance is also related to the ability of male 
lizards to establish larger and/or better quality territories in the field (Garland et al., 
1990). Endurance (and thus territory acquisition and defence) is a plastic response 
affected by testosterone levels. In a species which is highly aggressive and territorial it 
makes sense that their ability to defend their territories is governed by their state at that 
time rather than through developmental or genetic factors that are fixed during 
development. Consequently the costs of testosterone, endurance (and therefore territory 
size) should be an honest signal of a male’s ability to withstand these costs. 
 
The effects of experimentally elevated testosterone on female P. i. wilhelmi were to make 
the flank, abdomen, tail and front leg regions less bright than control females. While this 
response is similar in the effect on the abdomen and tail region as in males (chapter 2), 
the effect on the flank and front leg region is different. The darker colouration would 
make females more conspicuous against the light-coloured rock in their habitat than with 
their natural colouration. Darker colour would also make them more similar to males than 
their original pale blue-white ventral regions.  In some species, females with 
experimentally elevated testosterone showed vast changes in a relatively short space of 
time (Lank et al., 1999). In other species females showed the development of some male 
traits, but not others, showing interplay between organisational and activational effects in 
phenotype expression. The fact that in this case females showed some change in 
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colouration suggests that some aspects of bright colours of the male flat lizards are under 
activational control. 
 
Another possibility for the limited effects of testosterone on females is that the effects of 
testosterone in males are mediated through organisational pathways. As the results 
suggest that organisational factors might be constraining signal production, this suggests 
that a future study measuring the effects of testosterone in juveniles would be the final 
step in determining the extent to which this is happening.  
 
Male P. i. wilhelmi in a similar experiment (chapter 2) showed changes in brightness in 
all body regions measured following the insertion of testosterone implants while 
chromatic contrast did not change at all. The similar response of females suggests that the 
chromatic aspects of colouration are fundamentally fixed in terms of sensitivity to 
testosterone through pathways that must have been laid down at some early stage in their 
development. Alternatively, since these colours do correlate to measures of male quality, 
there is a possibility that there are other factors mediating these ornaments such as 
different hormones or environmental factors, or else that they are genetically determined 
and therefore a fixed signal of genetic quality. 
 
While the change in endurance is similar to that of males it is surprising that there were 
no measurable costs to the added testosterone. There is the possibility that females 
maintain significantly lower testosterone levels as it affects their reproductive cycle 
where it plays a role in vitellogenesis (Rhen et al., 1999). Another factor to consider in 
future studies would be the effect of testosterone on oestrogen levels, as oestrogen and 
testosterone can have directly opposing effects on physiology (e.g., Lund et al., 2004). 
Alternatively the increase in conspicuousness associated with bright colouration 
influenced by testosterone might be associated with increased predation pressure which 
may be too high for maintenance of high testosterone levels. Alternatively, Bateman’s 
principle (Bateman, 1948) states that females and males differ in immune capability not 
because males have higher testosterone levels but rather due to differing life histories 
leading to different priorities in energy allocation. Because testosterone influences 
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muscle growth it is also possible that the energy required to maintain additional muscle 
may be too high for females to bear, particularly considering that they do not need to 
patrol territories or fight off intruders, and would be more likely to allocate extra energy 
to reproduction. 
 
Female P. i. wilhelmi with testosterone implants showed improved endurance and overall 
darker colouration than females with control implants. This is a similar effect to that seen 
in males (chapter 2) and shows that these traits are under activational control, 
independent of sex. What is uncertain are the costs associated with high levels of 
testosterone as females showed no change in body condition or immune response 
associated with increased testosterone. There was also no effect of exogenous 
testosterone on the chromatic aspect of colour, which we know to be indicative of male 
quality (chapter 1). What remains to be investigated are alternative constraints on 
signalling that may be associated with testosterone. For example testosterone is known to 
affect the bioavailability of carotenoids (Blas et al., 2006) and in some cases leads to 
increased circulating carotenoids, which have immune-enhancing properties (McGraw et 
al., 2006a). As chromatic aspects of colour did not respond to exogenous testosterone in 
adults what remains is to test for organisational effects of testosterone by manipulating 
testosterone in juveniles. This would be impractical without the knowledge of the effects 
of testosterone on adult females, and it adds to a neglected aspect of behavioural 
endocrinology. 
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CHAPTER 4 
Short-term effects of elevated testosterone, 
corticosterone and the interaction between testosterone 
and corticosterone in a lizard 
Introduction 
Animals often use signals to avoid the costs of aggressive encounters (Parker, 1974). 
These signals are common in males of sexually dimorphic species and are often attributed 
to high testosterone levels (e.g. Deviche & Cortez, 2005; Saraiva et al., 2010). In order 
for these signals which can indicate many aspects of male quality such as status, 
aggression or fighting ability, (reviewed in Whiting et al., 2003) to be maintained they 
must be honest and therefore carry some cost which inferior males are unable to bear 
(Zahavi, 1975). The immunocompetence-handicap hypothesis (ICHH) predicts that 
testosterone-mediated signals are constrained by the immunosuppressive effects of high 
circulating levels of testosterone (Folstad & Karter, 1992). However, a recent meta-
analysis found that only about half of the studies that tested the ICHH showed any 
support for the model (Roberts et al., 2004).  
 
Few studies empirically test either the direct immunosuppressive effects of testosterone 
or the effect of testosterone on signal expression. Many studies assume that since a 
species shows sexual dimorphism, any differences must be attributed to testosterone 
levels. Several studies have found that changing levels of testosterone does not affect 
signals (e.g. Husak et al., 2007), particularly in systems where the effects of testosterone 
are organisational, where costs are only incurred temporarily during development, or 
where changes are only evident at the life-history level (Ros et al., 2006). Similarly, the 
evidence for the immunosuppressive effects of testosterone is limited: while testosterone 
usually suppresses the immune system (Rantala et al., 2007), it has also been found to 
improve immunocompetence  (Zuk, 1996; Veiga et al., 1998). Other studies have found 
that when controlling for corticosterone, testosterone actually benefits the immune 
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system, rather than suppressing it (Lindström et al., 2001). Recent studies have called for 
a more integrative approach to behavioural endocrinology since cause and effect are often 
confounded, such as in the case of parasite load, in which parasite load depends on many 
other factors such as exposure rates, risky behaviour, and home range size (Husak et al., 
2009; Irschick & Garland, 2001). Signal expression and immunocompetence should 
therefore be examined in the context of whole animal performance, behaviour and 
physiology. 
 
There are many other factors involved in the production of secondary sexual signals. 
Corticosterone has significant effects on signals, general health (usually measured using 
body condition as a proxy), and immunocompetence (e.g.  Berger et al., 2005). Also, 
glucocorticoids (such as cortisol or corticosterone) are released within minutes of a 
stressful event (Wingfield, 2003) which allows the animal to cope mainly by mobilizing 
energy (Möstl & Palme, 2002) (reviewed in Lowry & Moore, 2006).  Increased 
corticosterone levels can also result in increased stamina and reduced resting metabolic 
rate (Cote et al., 2006; Miles et al., 2007), and is generally associated with decreased 
reproduction (Dewsbury, 1982; Creel, 2001).  
 
Levels of testosterone and corticosterone tend to co-vary suggesting the possibility of a 
dual influence on signal modulation. For example, in lizards with chronic stress, 
testosterone and corticosterone are inversely proportional, and corticosterone 
administered during an aggressive encounter, decreases aggression (DeNardo & Sinervo, 
1994b). In a number of taxa, increased corticosterone levels result in a decrease in 
testosterone levels (reviewed in DeNardo & Sinervo, 1994b). The response of 
testosterone to changing corticosterone levels can differ greatly between individuals. In 
tree lizards (Urosaurus ornatus), experimentally restrained males had an increase in 
corticosterone, but floater males had a much larger concurrent decrease in testosterone 
than territorial males when restrained (Knapp & Moore, 1997). Territorial males can also 
have less of a stress response than floater males which may be linked to the higher 
frequency of agonistic encounters that they experience while defending a territory 
(Knapp & Moore, 1996). The stress-linked immunocompetence handicap hypothesis (SL-
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ICHH) proposes that rather than testosterone levels constraining maximal signal output, 
co-varying corticosterone levels act as a constraint through an increase in energy 
requirements due to energy mobilisation and increased activity levels in animals with 
increased stress hormones (Owen-Ashley et al., 2004; Møller, 1995; Evans et al., 2000; 
Buchanan, 2000). This increase in energy expenditure is adaptive in terms of chronic, 
short-term stress, as it allows animals to remove themselves from stressful situations. In 
more chronic situations (such as maintaining territories during a breeding season), the 
costs of maintaining high testosterone and corticosterone levels is significantly greater 
than in acute stressful situations. One study found that neither hormone had any effect on 
the immune system in isolation, but a combination of the two did (Roberts et al., 2006).  
 
Bartolotti (2009) proposed that corticosterone by itself acts as a signal constraint since 
males need to be of a significantly high quality to withstand the costs of elevated 
corticosterone while maintaining signals and territories. For example, comb area of male 
red grouse with elevated corticosterone responded less to testosterone implants than those 
of a control group with lower levels of glucocorticoids (Bortolotti et al., 2009a). 
Considering that these traits are often sexually selected, if corticosterone constrains 
signals, this would mean that females choose mates based on corticosterone-mediated 
than testosterone levels. In a population with the same/similar stressors, a male which can 
maintain ornaments will have demonstrated superior quality (indicative of underlying 
genetic quality) in coping with stressors (Bortolotti et al., 2009a; Moore et al., 2011). 
Female choice in zebra finches (Taeniopygia guttata) is linked to corticosterone levels in 
males (Roberts et al., 2007a). There is also a feedback loop where, rather than hormone 
combinations affecting immunocompetence, a challenge to the immune system can result 
in signals being downgraded. For example, where animals may increase territory size 
(where patrolling it requires greater energy sacrifice) and therefore face a combination of 
high energy requirements and increased pathogen exposure, the ability to maintain 
signals could be an accurate measure of male quality (Bortolotti et al., 2009a). 
 
Male flat lizards are territorial and highly aggressive. They maintain territories on rocky 
outcrops where they have frequent encounters between rivals, which makes 
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corticosterone a likely factor to be involved in their behavioural physiology. They are 
sexually dichromatic, as is characteristic of this genus (Branch & Whiting, 1997) with 
males displaying striking green, blue, black and orange colouration. These colour patches 
have been found to correspond to various aspects of health and performance (chapter 1) 
and respond to testosterone manipulation to some degree (chapters 2 and 3). 
 
 The aim of my study was to examine the effects of testosterone, corticosterone and a 
combination of the two on body condition, signal (colour) expression, whole-animal 
performance, and immunocompetence. I predicted that if testosterone is the overriding 
factor in constraining signals due to immunosuppression (ICHH), males with 
experimentally elevated testosterone will show an increase in signal conspicuousness, a 
decrease in immune response, and an increase in locomotor performance while the 
converse would be true for males with elevated corticosterone. If the constraint on 
signalling is the interaction between testosterone and corticosterone, I predicted that 
males implanted with testosterone and corticosterone will show a greater decrease in 
immune response than control males or males implanted with only testosterone or only 
corticosterone. For males with both corticosterone and testosterone implants, I also tested 
the prediction that there would be no change in colouration or performance because their 
combined effects should counter-act each other. 
Methods 
As the methods used in this study are similar to previous studies in this thesis (chapters 1-
3) detailed protocols have been omitted. Only novel methods have been included here. 
 
Study system 
Platysaurus intermedius wilhelmi is a small, sexually dimorphic lizard found on rocky 
outcrops in southern Africa. Males are both larger than females (Lailvaux et al., 2003b) 
and more colourful (Branch, 1998). Females are black and brown with straw-coloured 
tails while males have green flanks and front legs, greenish-blue back legs and blue 
abdomens. They have black throats with the black colouration continuing down the chest 
and occasionally onto the abdomen. Their throats are black and they have bright orange 
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tails. They have dorsally-compressed bodies, and they live on rocky outcrops where they 
are particularly suited to sleep in small crevices mainly made by granite domes which 
exfoliate in sheets. They breed in spring and early summer (Branch, 1998). 
I conducted field work primarily at Pullen Farm (S 25.57°, E 031.18°) and some 
neighbouring farms, all in the Crocodile River Nature Conservancy, a 30 000 ha area 
situated approximately 30 km east of Nelspruit, South Africa.  
 
Capture of lizards 
I captured adult male P. i. wilhelmi on lines of glue traps (Catchmaster® 48R non-toxic 
glue traps: 27 x 13 cm; and Trapper® glue boards: 26 x 12 cm). I recorded each capture 
site with a GPS. For detailed handling protocol see chapter 1. 
 
Elevation of testosterone and corticosterone 
I made implants by filling 5 mm lengths of silastic tubing with 3 µL of a solution of 
either testosterone (100 µg testosterone µL-1) or corticosterone (100 µg corticosterone 
µL-1) in dimethyl sulfoxide (DMSO). I sealed the ends of each tube with silicon adhesive 
and the DMSO evaporated through the tubing, depositing the hormone in the lumen of 
the tube. Control implants were made in the same way but filled with pure DMSO (Cox 
et al., 2005a). Implants were inserted subcutaneously on the lizard’s venter (for further 
details see chapter 2). This is an established method for elevating steroid concentrations 
in small lizards, and can elevate hormone levels for at least three months following 
implantation (Miles et al., 2007). 
 
Husbandry 
Lizards were housed individually according to protocols outlined in chapter 2. After a 
five day acclimatisation period, I measured performance, morphology and 
immunocompetence (described below) and then allocated lizards to one of four 
treatments. They were assigned to four treatment groups (n = 20 in each implant group) 
based on the type of implant they received. Lizards were given: (1.) one testosterone 
implant and a control (empty) implant; (2.) one corticosterone implant and one empty 
implant; (3.) one testosterone implant and one corticosterone implant; and (4.) two 
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control implants. After two weeks I took another blood sample from each lizard and 
measured the lizards again, before removing the implants and releasing lizards at the 
point of capture. 
 
Morphological measurements 
I measured snout-to-vent length (SVL) and weighed each lizard in order to calculate a 
body condition index as the residual on a simple regression of mass on lnSVL. For more 
details see chapter 1. I measured the size of black ventral patches by scanning the ventral 
surface of each lizard on a flat-bed scanner (Canon 2000U) using Omnipage SE (© 2002 
Scansoft, Inc) software. I calculated the area with Simple PCI graphics software (Compix 
incorporated Sewickley U.S.A.) which I calibrated against known lizard SVL.  
 
Visual modelling 
I measured spectral reflectance of the tail, front leg, back leg, flank and abdomen of each 
lizard. Each measurement is an average of two readings and the spectrometer was 
calibrated between each lizard. I used microspetrophotometry data on a closely related 
lizard (Platysaurus broadleyi) (Fleishman et al., 2011) to create pigment templates for 4 
cone type (2 short-wave cones, 1 medium wave and 1 long wave cone). From this, I 
calculated achromatic and chromatic measures of colour. Achromatic is concerned with 
brightness, which is the total reflectance of the colour. For chromatic aspects of colour I 
calculated the Euclidean distance between the colour measured and a measure of the 
rocky habitat. This method standardises brightness so that the measures are independent 
of each other. For further details see chapter 1. 
 
Measure of testosterone and corticosterone  
I measured corticosterone and testosterone in plasma that I obtained from blood samples 
taken from the suborbital sinus. I took blood samples five days after capture once lizards 
had begun to habituate to captivity and then took another sample from each lizard 14 days 
after insertion of implants (for protocol see chapters 1 and 2). In all cases, I recorded the 
time from touching the box (in which they were housed) to remove the lid until the end of 
sampling in order to control for confounding effects of handling stress. No sample took 
 80
longer than three minutes to obtain, and a regression of sampling time and corticosterone 
was not significant (Spearman r = 0.33, p > 0.05.). 
 
I assayed testosterone by using DPC Coat-A-Count Total Testosterone kits following a 
pilot assay with experimental dilutions of different samples in order to find the optimal 
dilution ratio. These kits have been validated with plasma from closely related lizards 
(Whiting et al., 2006). Corticosterone was analysed using an ELISA kit (Biocom 
Biotech), with dilutions optimised using previously established protocols according to 
Wada et al (2007) For more detail see chapter 1. 
 
Measures of immunocompetence 
I measured a delayed-type hypersensitivity to phytohaemagglutinin (PHA) in order to 
measure immunocompetence. I compared swelling of a foot injected with 0.03 ml 
phosphate buffered saline (PBS) containing 50 mg of PHA (Sigma, L-8754) to swelling 
of a foot injected with pure PBS. The degree of swelling indicates cell-mediated immune 
response. For details see chapter 1. 
 
Endurance 
I measured endurance as the time a lizard walked on a belt (30 x 40 cm) moving at 0.4 
km.h-1 until it failed to maintain its position three times. Each lizard was measured twice, 
with trials 24 hours apart. There was a significant effect of body temperature on 
endurance (Wald χ21 = 164.598; p <0.001) and was therefore included as a covariate in 
the analyses (below). 
 
Statistical analyses 
I used a Generalized Linear Model (GLZ) with a logit link function and binomial error 
structure to analyse the data from lizards at the beginning of the experiment and two 
weeks after the insertion of implants. I used the time of the measurement as the 
dependent variable, the implant type as a categorical predictor and the measurement in 
question as a count variable. I used β-estimates to determine the precise location of 
differences and in the event of a significant β-estimate I used descriptive statistics to 
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gauge the direction of change. In all cases, α was set at 5%, with p-values of 0.05 and 
smaller considered significant. All graphs show medians with interquartile ranges. 
 
Ethical Note 
This study was approved by the Animal Ethics and Screening Committee of the 
University of the Witwatersrand. Clearance numbers; carried out under 2008/40/04, with 
a provincial permit from the Mpumalanga Parks Board MPB5211. 
Results 
Efficacy of implants 
Testosterone implants significantly predicted circulating testosterone levels in lizards 
(Wald χ22 = 29226.63; p < 0.001, figure 4.1). Males with one testosterone implant and 
one empty implant showed an increase of approximately 8-fold in circulating testosterone 
(β = 1.882). The highest recorded testosterone concentration was approximately three 
times the average natural peak summer testosterone (chapter 1). Males with one 
testosterone implant and one corticosterone implant showed an 80% increase in 
testosterone (β = 0.226) while males with only empty implants showed a significant 
decrease in testosterone levels (β = 2.108). 
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Figure 4.1. Testosterone levels in male P. i. wilhelmi before and two weeks after insertion of hormone 
implants. Lizards with testosterone only showed an eight-fold increase in circulating testosterone two 
weeks after insertion of implants, and lizards with one testosterone and one corticosterone implant 
increased circulating testosterone by approximately 80%. Values shown are medians with boxes 
indicating interquartile range and whiskers showing total range 
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Corticosterone levels were also predicted by the combination of implants (Wald χ22 = 
81.89; p < 0.001). Platysaurus i. wilhelmi males with one corticosterone implant and one 
empty implant showed the largest increase in circulating concentrations of approximately 
250% (β = -0.671) and lizards with one testosterone implant and one corticosterone 
implant showed an increase of about 150% (β = -0.362). Control males, with two empty 
implants showed a slight decrease in corticosterone levels over the course of the 
experiment (β = 1.033, figure 4.2). 
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Figure 4.2. Corticosterone levels in male P. i. wilhelmi before and two weeks after insertion of 
implants. Lizards with corticosterone implants showed the greatest increase in corticosterone levels, 
while lizards with one testosterone implant and one corticosterone implant showed a smaller 
increase. Values indicate medians, boxes show interquartile range, and whiskers show total range. 
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Body condition 
Implant type was not a predictor of body condition (Wald χ23 = 0.223; p = 0.97, figure 
4.3), indicating that elevated testosterone and/or corticosterone did not affect it. 
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Figure 4.3. Implant combination was not a predictor of body condition in male P. i. wilhelmi. Values 
represent medians with boxes showing interquartile range and whiskers showing total range. 
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Effects of manipulation on signal intensity 
Implant type did not predict chromatic contrast of any of the body regions (flank Wald 
χ23 = 0.004; p = 0.99; front leg Wald χ23 = 0.002; p = 0.99; back leg Wald χ23 = 0.003; p = 
0.99; abdomen Wald χ23 = 0.0009 ; p = 0.99; tail Wald χ23 = 0.006 ; p = 0.99, figure 4.4 ) 
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Figure 4. 4. There was no effect of implant type on chromatic contrast in male P.  i.  wilhelmi. Values 
represent medians, with boxes showing interquartile range and whiskers showing total range.  
 
There were several significant effects of different implant combinations on colour patch 
brightness (see table 4.1, figure 4.5): Males with testosterone implants showed a 
significant increase in brightness of the abdomen and back leg, and a decrease in flank 
brightness. Males with corticosterone implants showed an increase in back leg, front leg 
and tail brightness and a decrease in abdomen brightness. Males with one testosterone 
and one corticosterone implant showed a decrease in abdomen brightness and a slight 
decrease in tail brightness.  
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Table 4.1: Statistical outputs from GLZ models comparing effects on brightness of 
different implant combinations. Implant combinations are given as: Cort (corticosterone), 
Tcort (testosterone and corticosterone), T (testosterone) and control. 
Body region  Wald χ2  p  β  Direction of change 
0.031  Cort: no change 
0.081  Tcort: brighter 
0.063  T: darker 
Flank  119.82  < 0.001  
0.049  Control: darker 
0.009  Cort only: no change 
0.061  Tcort: less bright 
0.003  T: no change 
Front leg  37.33  < 0.001 
0.068  Control: no change 
0.023  Cort: brighter 
0.080  Tcort: much brighter 
0.082  T: no change 
Back leg  108.26  < 0.001 
0.025  Control: much brighter 
0.065  Cort: less bright 
0.074  Tcort: least bright 
0.020  T: no change 
Abdomen  49.70  < 0.001 
0.029  Control: brighter 
0.022  Cort: no change 
0.009  Tcort: no change 
0.057  T: much darker 
Tail  27.17  < 0.001 
0.045  Control: brighter 
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Figure 4.5. Colour  patch brightness before and two weeks after the insertion of hormone implants in 
male P. i. wilhelmi. Lizards with only testosterone implants had brighter abdomen and back leg 
patches and darker flanks. Colour patches in lizards with corticosterone implants increased in 
brightness of the back leg, front leg and tail colour, and had darker abdomens following 
manipulation. Lizards with elevated testosterone and corticosterone had darker abdomens and 
slightly darker tail colour two weeks after receiving implants. Values indicate medians with boxes 
showing interquartile range and whiskers showing total range. 
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Snout-vent length was significantly related to the area of the black throat patch (Wald χ21 
= 53.903; p <0.001), so I used it as a continuous predictor in the model. Black throat 
patch area was predicted by implant combination (Wald χ23 = 63.962; p <0.001, figure 
4.6). Males with only corticosterone implants showed a marked decrease in area of the 
throat patch (β = 0.075) and males with one testosterone implant and one corticosterone 
implant showed a slight decrease in patch area (β = 0.061). Males with testosterone (β = 
0.029) or control (β = 0.166) implants did not show a significant change in area.  
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Figure 4.6. Black throat patch are in P. i. wilhelmi before and two weeks after insertion of  
corticosterone (cort), testosterone (testo), a combination (cort and testo) or control implants. Values 
shown here are medians, wiith boxes indicating interquartile range and whiskers showing total 
range. 
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Immune response 
Implant type did not predict delayed-type sensitivity response to phytohaemagglutinin 
(Wald χ23 = 1.115; p = 0.77, figure 4.7). 
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Figure 4.7. Cell-mediated immune response to phytohaemagglutinin in male P. i. wilhelmi  before and 
two weeks after insertion of implants. Values indicated are medians with boxes showing interquartile 
range and whiskers showing total range. 
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Implant type was a significant predictor of endurance (Wald χ23 = 20.434; p < 0.001, 
figure 4.8). The only group in this study that did not show a significant change in 
endurance was the group of P. i. wilhelmi with one testosterone and one control implant 
(β = 0.035). The groups of lizards with control implants showed the smallest decrease in 
endurance (β = 0.104) and the group with corticosterone only, showed the largest 
decrease (β = 0.082). The group with one testosterone and one corticosterone implant was 
intermediate to the control group and the corticosterone only group (β = 0.012). 
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Figure 4.8. Endurance of male P. i. wilhelmi before and two weeks after the insertion of hormone 
implants. Values represent medians while boxes show interquartile range and whiskers show total 
range 
 
As the purpose of this study was to test the predictions laid out by the ICHH, SL-ICHH 
and the corticosterone-only models of constraints on signalling, I have compared the 
results from manipulations on P. i. wilhelmi with the predictions made from current 
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understanding of the associated hypotheses. While none of the existing models fit the 
results perfectly, there is some overlap between predictions and study outcomes (see table 
2). 
 
 Table 4.2: Comparing predictions and outcomes of the three hypotheses: the ICHH, SL-
ICHH and corticosterone-only, to results seen in P. i. wilhelmi  
Overriding 
factor 
Testosterone only  Testosterone x 
Corticosterone 
Corticosterone 
only 
  Prediction  Result  Prediction Result  Prediction Result 
Body 
condition 
Ï  ‐  ‐  ‐  Ð  ‐ 
Immune 
response 
Ð  ‐  ÐÐ  ‐  Ð  ‐ 
endurance  Ï  Ï  ‐  Ï  Ð  Ð 
colour  Ï  ÏÐ  ‐  ÏÐ  Ð  ÏÐ 
 
Discussion 
The aim of my study was to test predictions of the immunocompetence handicap 
hypothesis, the stress-linked immunocompetence handicap hypothesis and the 
corticosterone-only hypothesis. Platysaurus i.wilhelmi males with testosterone implants 
showed improved endurance and a brighter abdomen and back legs and darker flanks two 
weeks after insertion of implants compared to before implants. Lizards with only 
corticosterone implants showed a dramatic decrease in endurance and their back legs, 
front legs and tails became brighter following insertion of implants than at the start of the 
experiment. Their throat patches also became smaller and their abdomens became less 
bright. There was no effect of any implant combination on immune response or body 
condition. Lizards with testosterone and corticosterone implants had darker abdomens 
and tails. Lizards with testosterone implants ran for longer than all other treatment 
groups, while lizards with only corticosterone implants performed the worst and lizards 
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with both testosterone and corticosterone showed endurance levels intermediate to the 
testosterone and corticosterone groups. 
 
Lizards with testosterone implants showed a much greater increase in circulating 
testosterone levels than lizards with a combination of testosterone and corticosterone 
implants. The increase in testosterone was also much greater than the relative increasae in 
corticosterone even though the implants were made in exactly the same way, with equal 
concentrations of testosterone and corticosterone. This suggests an in vitro effect, 
possibly through suppression of their endogenous hormone production through feedback 
loops. There is evidence of high corticosterone levels suppressing the production of 
testosterone (Nelson, 2000; Moore et al., 1991) as well as effects of gonadal steroids on 
the HPA axis and associated stress response (Viau, 2002) and this may explain the 
discrepancy in testosterone levels between the testosterone group and the testosterone and 
corticosterone groups. 
 
One of the key predictions of the stress-linked immunocompetence handicap hypothesis 
is that a major cost of elevated corticosterone is in energy mobilisation (Lowry & Moore, 
2006). I did not detect any significant change in body condition in any treatment. If a 
stress response requires a costly energy mobilisation, then a change in body condition, as 
energy reserves are accessed, would have been apparent. I also expected a change in body 
condition with the administration of testosterone, as it increases metabolic rate (Husak et 
al., 2006c) which would suggest similar effects of testosterone and corticosterone on 
body condition. Because there was no difference between hormone treatments and 
control animals, therefore the costs of testosterone and corticosterone are not likely to be 
directly due to energy requirements. Another study on free-ranging males of this species 
found that body condition did not change with experimentally elevated testosterone 
(chapter 2), so it is unlikely that effects were ameliorated by the provision of food to 
lizards in captivity.  
 
Neither testosterone nor corticosterone seems to play a role in plasticity of chromatic 
contrast, which means that either this component of colouration is static after 
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development (i.e. an organisational effect) or else there are other factors controlling 
chromatic aspects of colouration. Endocrine effects on brightness are quite complex: 
testosterone and corticosterone both have an effect on brightness but they seem to 
influence different body regions. To add further complexity, lizards with both 
testosterone and corticosterone implants did not show the combined effects of both other 
treatments. For example in zebra finches (T. guttata) a combination of the two hormones 
has a different effect than the sum of the effect of each hormone individually (e.g.Roberts 
et al., 2007c). This suggests that the interaction between the two hormones acts 
differently to the hormones individually.  
  
Corticosterone implants resulted in a decrease in black throat patch area. Platysaurus i. 
wilhelmi live on light-coloured granite outcrops and often display by holding a pushup 
pose and displaying their throats against the rocky backdrop (pers obs). The black 
contrasts very strongly against the rock, which is light-coloured granite, and therefore it 
might be an indicator of male quality. If so, this fits the model of corticosterone being the 
sole limiter of a signal, as testosterone did not affect patch area at all. 
 
I found no evidence of immunosuppression either due to testosterone or corticosterone. 
The immunocompetence handicap hypothesis predicts that the major constraint to 
testosterone-based signalling is in its suppression of the immune system (Folstad & 
Karter, 1992). Also, I previously demonstrated that testosterone was linked to 
immunosuppression only in free-ranging P. i. wilhelmi (chapter 2).  The prediction that 
this pattern may be stress-mediated through linked fluctuations in corticosterone does not 
hold in these manipulations, which suggests that there are other factors involved here 
which are not apparent in a captive situation. While testosterone had an effect on the 
brightness of some body regions as well as improving locomotor performance, it had no 
effect on immunocompetence. While immunosuppression is often predicted to be the 
mechanism of signal constraint, there are other costs to maintaining high levels of 
corticosterone and testosterone (such as energetic costs) and so while the predictions of 
the immunocompetence-handicap hypothesis do not hold in terms of the mechanism 
 94
controlling signal honesty, they clearly play a role in signal mediation even if the 
mechanism is not entirely clear yet.  
 
In terms of locomotor performance, all of my predictions were supported: testosterone 
had a positive effect and corticosterone had a negative effect on lizard endurance. The 
combination of the two showing an intermediate effect does fit in with the existing theory 
of the effects of corticosterone and testosterone counteracting each other. This has been 
found before particularly with regard to aggressive behaviour (e.g., Denardo & Licht, 
1993) Endurance has important implications in male dominance (Perry et al., 2004)as 
well as territory acquisition and maintenance and so animals with low testosterone or 
under high stress may not be able to maintain their status. 
 
The purpose of this study was to test three different constraints on signalling based on 
three existing models of: the ICHH where testosterone-modulated signals of male quality 
are constrained by testosterone-linked immunosuppression; the stress-linked 
immunocompetence-handicap hypothesis (SL-ICHH) where co-varying corticosterone 
levels respond to elevated testosterone levels and carry an energetic cost to mounting a 
stress-response; and the hypothesis that costs of maintaining high corticosterone levels 
act as a constraint on signals of male quality. All three hypotheses have mixed support in 
the literature, but they are not usually all tested at the same time. This multi-model 
approach allows us to examine multiple effects of hormones that may be acting as signal 
mediators and to investigate their interactions, which provide a new perspective in animal 
signalling theory. I show that none of these models (the ICHH, SL-ICHH and 
corticosterone-only models) are able to explain all of the results completely, because no 
single factor regulates signal expression and therefore all of these factors should be taken 
into account rather than choosing a single model. While there was no effect of 
testosterone or corticosterone on immune response, testosterone, corticosterone and a 
combination of the two had different effects on colouration, particularly the change in 
black throat patch area with elevated corticosterone. The field of behavioural 
endocrinology has recently started considering the links between performance, 
morphology and the endocrine system as multifaceted and multidirectional feedback 
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loops with many complex interactions with dynamic costs taking place to regulate 
sexually selected traits (Rubenstein & Hauber, 2008). While the traditional hypotheses 
such as the immunocompetence-handicap hypothesis and the stress-linked 
immunocompetence handicap hypothesis are useful models for generating testable 
predictions, it is becoming more conventional to consider that honest-signalling models 
involve feedback loops rather than simple cause and effect (Safran et al., 2008). It is 
increasingly apparent that these systems are much more complex than originally thought.   
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CHAPTER 5 
Testing the effects of carotenoids on condition-
dependent signals in a lizard 
Introduction 
The immune system is often modulated and enhanced by carotenoids (Alexander et al., 
1985), which are common yellow, orange or red pigments (Weedon, 1965; Goodwin, 
1984). Carotenoids are fat-soluble hydrocarbons that can only be synthesised by 
photosynthetic organisms, some bacteria and fungi (Goodwin, 1984), and animals must 
obtain them from their diet (Hill et al., 2002). Carotenoids protect against cancer and 
tissue damage by removing and blocking free radicals (Ames, 1983; Bendich & Olson, 
1989; Krinsky, 1989; Prabhala et al., 1990; Saino et al., 1999; Hill, 1999; McGraw, 2005) 
which is crucial to the health of an individual (McGraw, 2005). Carotenoids form the 
precursors to vitamin A (Hill, 1999) which is associated with decreased cancer risk, 
increased lung function and improved immune response in multiple animal species 
(reviewed in Bendich, 2004). They are usually limited in the environment (Hill, 1999) 
and sometimes require foraging for unusual food items. For example, the Egyptian 
vulture (Neophron percnopterus) obtains carotenoids from eating ungulate faeces (Negro 
et al., 2002). Dietary intake can be used as a predictor of carotenoid concentration (Negro 
et al., 2000; Hill et al., 2002), although some species have more efficient absorption 
mechanisms than others (Tella et al., 2004). Carotenoids are not only responsible for 
yellow, orange and red colouration but they can also form chemical complexes with 
proteins which can lead to purple, blue or green colours  (reviewed in Svensson & Wong, 
2011) 
 
Animals use signals to communicate aspects of their condition and quality to individuals 
around them. Signals are usually used in behavioural displays (LeBas & Marshall, 2000) 
and can provide information on aspects of male condition and quality such as health, 
immunocompetence (e.g., McGraw & Ardia, 2003), aggression, fighting ability (Olsson, 
1994) and dominance status (e.g., Thompson & Moore, 1991). In order for these 
signalling systems to be effective there must be some cost associated with them (Zahavi, 
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1975). Until recently, most of the factors in models associated with quantifying costs of 
signals have involved signal-constraining factors that are detrimental to an individual’s 
health and survival. For instance, the immunocompetence-handicap hypothesis posits that 
testosterone-mediated traits are modulated by the immunosuppressive action of 
testosterone (Folstad & Karter, 1992). The stress-linked immunocompetence-handicap 
hypotheses states that these traits are modulated by changes in corticosterone which can 
have detrimental effects on health, particularly when at high concentrations over an 
extended period of time (Møller, 1995; Evans et al., 2000). 
 
In some cases the factor modulating a signal is actually beneficial to the animal, but 
limitations in supply mean that allocating this resource to a signal makes it unavailable to 
other physiological roles. This constraint on allocation of the modulating factor serves to 
limit its use in signals (Olson & Owens, 1998). An example of this kind of trade-off is in 
signals that require active broadcast, such as vocalising or display behaviour. These 
active signals  require energy allocated to signalling that has to be diverted from other 
physiological processes (Andersson, 1994). An extreme example is the electric 
discharges used by gymnotiform electric fish (Brachyhypopomus gauderio,) which 
require the reduction of energy allocated to other physiological functions in order to 
maintain signal output  reducing energy used in other metabolic functions such as growth 
or reproduction (Stoddard & Salazar, 2011). The oxidation-handicap model suggests that 
there is a trade-off in the allocation of carotenoids to immune function (largely as 
antioxidants) and locking them away in ornaments (Lozano, 1994). There are other costs 
to signalling than directly harmful effects of signal-modulators. Most studies concerning 
the role of carotenoids on condition-dependent signalling have been on birds, where costs 
could be temporary because carotenoids used in feathers may only be allocated to signals 
for a short period of time (after a moult) (Navara & Hill, 2003). Some studies on birds do 
concern ornaments that are not in feathers, such as bill colour in which carotenoid-based 
colouration is likely to be an honest signal (Gray, 1996), because if the animal is not in 
optimal condition, carotenoids that could have been used in colour are mobilised from the 
skin and used in the immune system instead (Lozano, 1994; Tella et al., 2004), and so 
colour expression can be constrained by immunological processes (Hill, 1999).  
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There is a complex relationship between oxidative stress and carotenoids (Bendich, 2004; 
Svensson & Wong, 2011; Bendich & Olson, 1989). Carotenoids increase antioxidant 
defenses (cell-mediated response is correlated with plasma carotenoid levels) (Alonso-
Alvarez et al., 2004) which reduce oxidative stress. Carotenoids also boost immune 
response (e.g., Blount et al., 2003) which causes an increase in free radical production 
(Costantini, 2008). Taxa may differ in their carotenoid use, ability to absorb or 
manipulate carotenoids as well as the types of circulating carotenoids. As such, the 
importance as well as the specific roles of carotenoids are likely to differ vastly  among 
species (Pérez-Rodríguez, 2009). Recent studies have even suggested that carotenoids are 
insignificant as antioxidants in certain animal taxa (e.g., Perez-Rodriguez et al., 2008; 
Losdat et al., 2010). The handful of species used in most carotenoid studies (largely bird 
species) means that there is a need for studies on more, different, taxa in order to 
understand the relationships between immune response, carotenoids and signals clearly 
(Svensson & Wong, 2011) as well as to understand the phylogenetic signal of carotenoids 
in different systems.  
 
Flat lizards (Platysaurus) are a good system to test for the influence of carotenoids in 
signalling because they are strongly sexually dimorphic with brightly coloured males and 
drab females, as is characteristic of this genus (Branch & Whiting, 1997). The closely 
related P. broadleyi defends territories, adopts alternate reproductive tactics, and uses 
colour to signal fighting ability (Whiting et al., 2003; Whiting et al., 2006). They have 
dynamic signals (compared to fixed colouration in bird feathers) as well as bright and 
easily measurable colouration. They also have access to carotenoids from figs (Ficus sp) 
which are found scattered along the edge of the rocky outcrops, which they inhabit. 
 
The aim of my study was to investigate the relationship between carotenoids, signal 
expression, and immunocompetence, and to investigate the effects of changing carotenoid 
levels on performance and body condition in adult male P. i. wilhelmi lizards. If 
carotenoids are a limiting resource mobilized for immunocompetence and signal 
production and maintenance, then there are two testable hypotheses: (1.) carotenoids 
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should be in limited supply and so experimental supplementation of these pigments 
should produce a visible change in male P. i. wilhelmi phenotype; (2.) As the oxidative 
stress hypothesis involves a trade-off between two positive outcomes, it is expected that 
carotenoids can have advantages that are not related to signaling (such as endurance and 
immunocompetence) (adapted from Svensson & Wong, 2011). 
I predicted that following carotenoid supplementation, male P. i. wilhelmi would show 
better condition and an improvement in endurance and immunocompetence. As more 
carotenoids would be available to allocate to ornaments I predicted that male colour 
would become more conspicuous against its background. 
Methods 
Study system 
Platysaurus intermedius wilhelmi is a small (maximum snout-vent length 83 mm) 
cordylid lizard found on rocky outcrops in southern Africa (Branch, 1998). They have 
dorsally compressed bodies which allows them to fit into narrow crevices which are 
common in their habitat of smooth exfoliating granite. Fig trees (Ficus sp.) are found 
along the edges of some areas of the outcrops and lizards tend to gather near them and 
forage for insects. P. i. wilhelmi show sexual dimorphism both in size, with males larger 
than females (Lailvaux et al., 2003b), and also in colouration. Males have bright green 
flanks and front legs, blue and black venters and back legs and orange tails whereas 
females and juveniles are drab brown and black with blue-white venters and straw 
coloured tails.  
 
I conducted field work primarily at Pullen Farm (S 25°34,358’, E 031°10.879’) and some 
neighbouring areas, all in the Crocodile River Nature Conservancy, a 30 000 ha area 
situated approximately 30 km east of Nelspruit, South Africa. I worked at the beginning 
of the rainy season, which begins in September and ends in March. In order to maintain 
consistency in studies on constraints on signalling in this study, species the methodology 
in this study is very similar to the protocol employed in previous studies (chapters 1-3). 
For this reason detailed methodology has been omitted unless it deviates from previous 
chapters. 
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Handling and marking of lizards 
I captured lizards on lines of glue traps (Catchmaster® 48R non-toxic glue traps (27 x 13 
cm) and Trapper® glue boards (26 x 12 cm)) using standard protocol for capturing lizards 
(e.g., Ellinger et al., 2001; Whiting & Alexander, 2001). I recorded each capture location 
using a GPS. Since lizards were kept in solitary conditions I did not mark them during the 
experiment but I did mark them permanently prior to release with a mini-cauteriser 
(Kyron Code Y2565) to avoid recapturing individuals. For more detail on the capture and 
handling see chapters 1-3. 
 
Comparing the effects of β-carotene on captive lizards 
I collected 56 males and housed them individually indoors in semi-opaque plastic boxes 
with lids (230 x 320 x 140 mm) and fed them on wet cat food three times a week, 
supplemented with Beefee powder (® Bayer) once a week and water ad libitum. Five 
days after adjustment to captivity, I took blood samples and measured endurance, 
morphology and immunocompetence. After 14 days I took a second blood sample from 
each lizard and measured endurance, immunocompetence, body condition and 
colouration again. Half of these lizards (28) were in the β-carotene treatment group and 
received supplementation during the course of the experiment and the remaining 28 were 
control males given no supplementation. Carotenoids were supplemented using a 
technique traditionally used in non-invasive hormone supplementation in reptiles (e.g. 
Belliure et al., 2004). β-carotene dissolved in a carrier oil (denatured sunflower oil) was 
deposited using a dropper on each lizard’s dorsal surface every second day. Lizard skin 
contains a high concentration of lipids which allows lipophilic molecules to pass through 
the scales and enter the bloodstream (Mason, 1992). This technique ensures that all males 
receive the same volume of carotenoids independently of how much they eat since lizards 
in captivity for short time periods often do not eat sufficient food to control levels of 
supplementation. Males in the supplementation group were treated with 1 ml of oil 
containing 20 µg/ml ß-carotene (adapted from McGraw & Ardia, 2003) and control 
males were treated with pure carrier oil.  
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Measurement of plasma carotenoid concentration 
I assayed β-carotene from blood collected from the suborbital sinus. Immediately upon 
capture, I used a heparinised microhaematocrit capillary tube to draw approximately 150 
µL of blood. This is a standard procedure for small lizards (e.g. Woodley & Moore, 1998; 
Cox et al., 2005a; Husak et al., 2007) which has been used successfully in previous 
studies on flat lizards (e.g. Whiting et al., 2003). I noted the time of capture as well as the 
start and end bleeding time for each sample so that I could exclude samples involving 
long handling times. I took all blood samples between 08:h00-12:h00, the period of peak 
activity for lizards.  After centrifuging samples at 3000 rpm for three minutes I separated 
the plasma and froze it immediately, until it could be assayed in the lab. 
 
Measuring plasma concentrations of β-carotene 
After five days to habituate to captivity I collected approximately 150 µL of blood from 
the suborbital sinus using a heparinised microhaematocrit capillary tube. Following an 
established protocol for working with plasma carotenoids (e.g., Alonso-Alvarez et al., 
2010) I performed a cold-extraction of  β-carotene (see chapter 1 for details on 
extraction) and then measured the supernatant in a SpectraMAX 190 ELISA plate reader. 
All spectral absorbance levels were compared to a 10-point standard curve measured at 
the same time. I measured all samples in duplicate and used the average of the readings in 
analysis. 
 
Morphological measurements and spectroradiometry 
I measured weight and snout-to-vent length (SVL) as per the protocol outlined in 
previous chapters. The residuals of lnSVL against mass provided an index of body 
condition(Fuxjager et al., 2010) which I used as a proxy to measure overall condition of 
individuals.  
 
I measured spectral reflectance of the throat, abdomen, flank, front and back legs and tail 
regions of each lizard, using a USB2000 optic spectrometer (Ocean Optics, Inc.), running 
on OOIBase32™ version 2.0.0.6 (Ocean Optics, 2002) using the protocol from chapter 1. 
All measurements used are the average of two readings, with the machine calibrated 
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between measurements for each lizard. I used existing data on the visual system of the 
closely related Platysaurus broadleyi (Fleishman et al., 2011) to model colour according 
to the visual system of the receiver (competing male lizards). This was processed into 
separate chromatic and achromatic aspects of colour: achromatic being brightness or the 
sum of reflectance reaching the eye and chromatic being the chromatic contrast between 
the colour and the rock making up their habitat, once brightness is standardised.  
 
Endurance 
I measured endurance as the length of time a lizard walked on a belt (30 x 40 cm) (e.g. 
Sinervo et al., 2000; Garland et al., 1990) moving at 0.4 km.h-1 before it failed to 
maintain its position more than three times (Miles et al., 2007). Each lizard was tested 
twice with trials 24 hours apart and the best time was taken as maximal endurance. 
 
Immunocompetence 
To measure immune response I used a delayed-type hypersensitivity test using 
phytohaemagglutinin (PHA) (Smits et al., 1999). I compared the swelling produced in a 
lizard’s foot when injected with 0.03 ml phosphate buffered saline (PBS) containing 50 
mg of PHA (Sigma, L-8754) with a control foot injected with pure PBS. The degree of 
welling indicates the stress of the animal’s cell-mediated immune response (e.g. Saks et 
al., 2003; López & Martín, 2005; Belliure et al., 2004). For further details see chapter 1.  
 
Statistical analyses 
For each measurement, I ran a Generalized Linear Model (GLZ) using a logit link 
function. I used the period of measurement (before or after manipulation) as the 
dependent variable and so I used a binomial error structure. I used treatment type (β-
carotene or control) as categorical predictor in all cases. I used β-estimate coefficients 
from the GLZ to assess differences between first order effects and descriptive statistics to 
determine the direction of change. All statistics were performed in STATISTICA 6.0 
(Statsoft). Graphs show medians with inter-quartile ranges. 
 
Ethical note 
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This study was approved by the Animal Ethics and Screening Committee of the 
University of the Witwatersrand. Clearance numbers; carried out under 2009/36/03, with 
a provincial permit from the Mpumalanga Parks Board MPB5211/2. 
 
Results 
 
β-carotene levels 
β-carotene supplementation did not significantly predict circulating plasma β-carotene 
levels (Wald χ21 = 0.14; p =0.71; figure 5.1). 
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Figure 5.1. Supplementation of carotenoids did not predict circulating plasma carotenoid levels in P. 
i. wilhelmi measured after 14 days of supplementation. Values are medians with boxes showing 
interquartile range and whiskers showing total range 
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Body condition 
β-carotene did not predict body condition in supplemented compared to control males 
(Wald χ21 = 0.03; p = 0.95, figure 5.2). 
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Figure 5.2. Supplemented β-carotene did not predict body condition in P. i. wilhelmi after 14 days. 
Values shown are medians with boxes indicating interquartile range and whiskers showing total 
range  
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Endurance 
Supplemented β-carotene was a predictor of endurance (Wald χ21 = 1480.17; p < 0.001) 
with supplemented P. i. wilhelmi males running for longer than the control group (β = -
0.688) and improving by approximately 60% after supplementation (figure 5.3). 
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Figure 5.3. Supplemented β-carotene predicted endurance in male P. i. wilhelmi. Values shown are 
medians with boxes indicating interquartile range and whiskers show range 
 
Lizard body temperature was a significant covariate (Wald χ21 = 1612.45; p < 0.001). 
However, body temperature and endurance were not significantly correlated (R2 = 
0.000274; r = -0.017, p = 0.86) and explained very little of the variance of endurance 
which suggests that it influenced outcome of the results in an unpredictable way. 
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Immune response  
Cell-mediated immune response was predicted by β-carotene supplementation (Wald χ21 
= 81.56; p < 0.001, figure 5.4). Platysaurus i. wilhelmi lizards receiving β-carotene 
showed a better immune response than control lizards which showed a decrease in 
immune response (β = 0.369). 
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Figure 5.4.  Cell-mediated immune response was predicted by β-carotene supplementation in P. i. 
wilhelmi. Values show medians while boxes indicate interquartile range and whiskers  show total 
range. 
 
Chromatic contrast 
β-carotene supplementation was not a predictor of chromatic contrast of lizard colour 
patches against their rock habitat (flank Wald χ23 = 0.0007; p = 0.97 ; front leg Wald χ23 
= 0.0000 ; p = 0.99 ; back leg Wald χ23 = 0.00006 ; p = 0.99; abdomen Wald χ23 = 
0.0003; p = 0.98; tail Wald χ23 = 0.0007; p = 0.97, figure 5.5). While there were changes 
over the course of the experiment they were independent of treatment so carotenoid 
supplementation did not affect colouration in this case. 
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Figure 5.5. Treatment with β-carotene did not predict chromatic contrast of colour patches in P. i. 
wilhelmi as control and β-carotene supplemented lizards responded the same way, independently of 
treatment. Values shown are medians with boxes showing interquartile range and whiskers showing 
total range. 
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Brightness 
 
Receiving β-carotene predicted brightness of colour patches in P. i. wilhelmi. (figure 5.6), 
mostly decreasing the brightness of patches on the body parts mentioned, except for the 
tail which increased in brightness (Table 5.1). 
 
Table 5.1:  Changes in brightness in 5 body parts following β-carotene treatment in male 
P. i. wilhelmi 
Body region Wald χ2 p β Direction of change 
Flank 89.03 < 0.001 0.063 Decreased brightness 
Front leg 13.34 < 0.001 0.030 Decreased brightness 
Back leg 113.01 < 0.001 0.074 Decreased brightness 
Abdomen 27.62 < 0.001 0.045 Decreased brightness 
Tail 70.38 < 0.001 0.080 Increase in brightness 
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Figure 5.6. β-carotene supplementation predicted brightness of colour patches in P. i. wilhelmi. 
Values show medians with boxes showing interquartile range and whiskers showing total range. 
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Discussion 
Lizards with supplemented β-carotene outperformed control lizards in endurance and 
immune response. They also showed a decrease in brightness in all body regions except 
for the tail which became brighter. Only body condition was not affected by carotenoid 
supplementation. 
 
Supplementation of β-carotene did not significantly change circulating carotenoid levels 
in adult male Platysaurus intermedius wilhelmi. Given the effect in response variables, it 
is likely that carotenoids are quickly mobilised following uptake. Besides the obvious 
effect of the β-carotene treatment it should be remembered that β-carotene (as with all 
carotenoids) is fat soluble (Goodwin, 1984) and so excretion would be limited or occur at 
low levels. These compounds interact in complex ways with other antioxidant molecules 
which can also affect their circulating levels (Morales et al., 2009). Moreover, 
carotenoids are stored in a variety of different tissues and organs in a non-uniform 
distribution (reviewed in Svensson & Wong, 2011; Surai et al., 2001). Lizards show vast 
differences in carotenoid allocation to different organs which varies across species 
(typically with highest concentrations in the liver and lowest concentrations in muscles) 
(Czeczuga, 1980) and these differences also extend across populations (Costantini et al., 
2005). Taken together, these results indicate that plasma concentrations are not always an 
accurate measure of overall carotenoids (Pérez-Rodríguez, 2009). In future studies I 
recommend sacrificing a subsample of lizards in order to obtain carotenoid measures for 
multiple tissues. Taking multiple measures in blood samples from live animals does 
constrain the degree of measurement available in studies of small animals due to the 
volume of plasma required, but with the considerable effects seen here it is quite clear 
that the added carotenoids had an effect on lizard physiology regardless of the results of 
the assays used to measure circulating carotenoids. 
 
If the oxidative-stress hypothesis (Lozano, 1994) of carotenoids as a beneficial but 
limited constraining factor holds then I expected two outcomes. Firstly, if carotenoids are 
limited, supplementation should show a visible change in phenotype of sexually selected 
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traits. In this case, colour patches all changed in brightness. As most colour patches 
became darker (decreased brightness), they would be more conspicuous against the light-
coloured granite of their habitat and so would be more effective as signals. Secondly, 
carotenoid supplementation should benefit the animal in ways other than enhancing 
signals, which was the case in my study, since carotenoid supplementation prevented the 
decline in immune response associated with temporary captivity seen here in control 
lizards as well as in previous studies on this population (chapter 1, chapter 2). 
Carotenoids cannot be manufactured by animals de novo  (Goodwin, 1984) and tend to be 
limited in supply (Hill, 1999). This means that with the associated increase in endurance, 
which is linked to dominance (Perry et al., 2004), it is logical to assume that males with 
larger or high quality territories should have more access to carotenoids than subordinate 
counterparts which makes it both a signal and a positive feedback loop. This could also 
be affected by testosterone levels which are linked to endurance (chapter 2) as increased 
testosterone promotes the uptake (McGraw et al., 2006b) and bioavailability of 
carotenoids (Blas et al., 2006). Testosterone levels may even have more of an effect on 
carotenoid allocation than a challenge to the immune system (Martínez-Padilla et al., 
2010), and the next step should be to investigate the interactions between carotenoids and 
testosterone. 
 
An additional aspect that requires investigation is the relationship between corticosterone 
and carotenoid-based colouration. In the common lizard (Lacerta vivipara), carotenoid-
based colouration was affected by elevation of corticosterone, but not affected by 
supplementing dietary carotenoids. The lack of evidence of a trade-off between 
carotenoids and physiological stress suggests an interplay between the organisational and 
activational aspects in the modulation of carotenoid-based signals (Fitze et al., 2009). 
 
Our current understanding of constraints on signalling is based on the trade-offs between 
signal intensity and physiological effects of signal modulators. The addition of a 
beneficial signal modulator (i.e. β-carotene) confirms the current thinking that signals 
form only a small part in a big network of tradeoffs and feedback loops (e.g. Irschick & 
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Garland, 2001). There is a possibility that carotenoids play a role in ameliorating the 
detrimental effects of high hormone concentrations  
 
Carotenoids are not synthesised by animals and so must be obtained exogenously through 
selected foods (Hill, 1999). Supplementing β-carotene did not alter plasma concentrations 
of the carotenoid, suggesting that it is mobilised rapidly for use in signals and 
physiological processes. Exogenous β-carotene resulted in increased immunocompetence 
and endurance as well as significant effects of brightness of colour patches which signal 
male condition and quality. While this supports the oxidative stress hypothesis (Lozano, 
1994), there is a possible interaction between carotenoids and testosterone that should be 
investigated further. Testosterone which also increases endurance (chapter 2), and so may 
allow individuals to maintain larger territories and therefore have access to carotenoids 
which boost endurance, thereby showing an amplifying effect. While lines of research on 
testosterone and carotenoids as signal modulators are still generally independent (Blas et 
al., 2006) the similar effects on colouration and potential counteractive effects on the 
immune system suggest that these effects could be confounding and require 
manipulations in order to tease the effects of hormones and nutrients apart. 
 
DISCUSSION 
 
The aim of my project was to investigate constraints on signalling in Platysaurus 
intermedius wilhelmi by using an integrative approach, involving testing the multiple 
effects of hormones and carotenoids on both signal output and animal performance, 
which are proxies for fitness. This approach gives a unique perspective to understanding 
costly signalling theory and signal constraints. This discussion reviews the key findings 
of this approach in relation to four hypotheses in behavioural ecology, and attempts to 
relate them to the biology of the study species. This is followed by a conceptual 
framework which integrates my findings with predictions from the four hypotheses and 
compares this to information available in the literature of species commonly studied in 
the field of costs of signalling.   
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Key findings 
In chapter 1, I investigated the relationships between signals and mediators (hormones 
and carotenoids). I found that testosterone was the only factor that changed seasonally 
and this was mirrored by changes in endurance and immunocompetence. I also found that 
colour predicted endurance, immunocompetence and size - and so could be considered to 
be an indicator of male quality. 
 
The appearance of correlated changes in immunocompetence and testosterone prompted 
me to investigate whether the immunocompetence-handicap hypothesis was supported in 
P.i.wilhelmi. The immunocompetence handicap hypothesis (ICHH) proposes that 
testosterone plays a vital role in the production and maintenance of male secondary 
selected signals, but also constrains these signals through associated immunosuppressive 
properties of testosterone (Folstad & Karter, 1992). As this hypothesis has yielded 
equivocal results in the literature (Roberts et al., 2004), I was also interested as to 
whether other factors could be playing a role in constraining signalling. Thus, in chapter 
2, I investigated the immunocompetence-handicap hypothesis concurrently in a free-
living and captive (under controlled conditions) group of P. i. wilhelmi. I found that there 
was a link between testosterone and immunosuppression, but only in free-ranging lizards. 
Other effects of testosterone (on both free-living and captive lizards) included benefits to 
endurance and changes to brightness of certain body regions. 
 
While the results from chapter 2 showed that testosterone does play a role in performance 
and in signal intensity, the difference in immune response between the groups led me to 
investigate, in chapter 4, the first logical factor that would be different between the 
groups – stress. While free-ranging males are exposed to all kinds of acute stressors such 
as agonistic encounters, predation, limited food availability or unpredictable 
environmental conditions (Vleck et al., 2000), lizards in captivity additionally experience 
chronic stress (Terio et al., 2004; Dickens et al., 2009) but other stressors such as lack of 
food availability, agonistic encounters or predation are eliminated. There are also two 
major hypotheses concerning the role of corticosterone in constraints to signalling: the 
stress-linked immunocompetence handicap hypothesis (SL-ICHH) which states that the 
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apparent effects of testosterone on immunocompetence are actually due to covarying 
corticosterone levels (Buchanan, 2000); the hypothesis that testosterone levels are 
actually coincidental to signal output and signals (and even testosterone levels) are in fact 
mediated by corticosterone concentrations (Bortolotti et al., 2009a). 
 
In chapter 4, I compared the effects of corticosterone, testosterone and a combination of 
the two on male flat-lizards. I found that all three hypotheses (the ICHH, the SL-ICHH 
and corticosterone-only) were supported to some degree. Testosterone influenced signal 
production and endurance; corticosterone influenced the area of throat colour badges, and 
a combination of the two often had an intermediate effect. There was still absolutely no 
effect on immunocompetence even with manipulations of stress-hormones. 
 
While testosterone did have some influence on colour intensity it did not affect chromatic 
contrast and therefore, does not fully explain sexual dichromatism. In chapter 3, I 
investigated the degree to which organisational pathways are set up for signal production 
and maintenance in males by measuring the effects of elevated testosterone on females. I 
also measured endurance, immune response, and body condition in order to assess 
whether there were any obvious costs to females of having elevated testosterone levels. 
Measuring the effects on females is a useful technique to understanding signals in males 
as it allows us to examine the effects of testosterone on lizard physiology without the 
confounding factor of organisational effects that are likely to be present in males. By 
testing the response of females to testosterone, I was able to compare the effects of 
testosterone on females to those found in males. Thus, I could explain the effects on 
males in light of what responses are plastic in females and therefore are activational 
rather than using fixed organisational pathways. Females did respond to the testosterone 
implants by showing an improvement in endurance and changes in colour brightness 
which might make them more conspicuous. This suggests that while some pathways are 
mediated through organisational pathways – specifically chromatic aspects of colour - 
males’ signals are still plastic and mediated by testosterone, independent of sex and so 
manipulation of potential constraining factors is a valid method of attempting to 
understand signal constraints in this taxon. All that remains to tease apart the 
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organisational and activational effects is to investigate the effects of exogenous 
testosterone on juvenile P. i. wilhelmi. This has been done successfully with other 
species, particularly tree lizards (Ursaurus ornatus) where testosterone implants 
influenced growth and dewlap type (Hews & Moore, 1995).  
 
Since there were obvious effects of testosterone and corticosterone on signals and 
measures of performance, it is clear that there are many mediators of signal quality, but 
they do not show any particular cost to the individual. While testosterone and 
corticosterone both have an effect on signals there was no apparent associated detrimental 
effect on the animal, such as a loss of condition or reduced immune response. Neither 
testosterone nor corticosterone nor a combination of the two affected body condition 
(used as a proxy for overall health). Immunocompetence was only affected in free-living 
lizards with testosterone implants, not by any other manipulation. The lack of obvious 
cost to endocrine signal mediators suggested that there was some kind of exogenous 
factor maintaining signal honesty. I tested the oxidative stress hypothesis (Lozano, 1994) 
which states that carotenoids that are used in signals are not available for their other 
physiological role as antioxidants and immune boosters. The trade-off here is that 
carotenoids are limited in the environment and cannot be synthesised by animals (Hill, 
1999) so their allocation to signals is removing them from their role as antioxidants in the 
immune system. There is some evidence that P. i. wilhelmi is omnivorous (reviewed in 
Lailvaux et al., 2003a) and substantial data that the closely related Platysaurus 
broadleyi eats figs (Whiting & Greef, 1997). While I never observed P. i. wilhelmi eating 
figs, Ficus sp. trees were common at my field site, usually around the edges of the rocky 
outcrops inhabited by my study subjects. In addition, these trees attracted many insects 
and I often saw lizards eating insects that had been feeding on fallen figs. Carnivorous 
animals do obtain carotenoids from their food, albeit in lower quantities than herbivores 
(Olson & Owens, 1998), so whether they eat figs or eat fig-eating insects it is likely that 
they are obtaining carotenoid-rich food in these areas. In consequence, chapter 5 
investigated the actions of supplemented carotenoids in captive P.i.wilhelmi. These had a 
marked effect on endurance, colour and immunocompetence, and it appeared to 
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counteract the immunosuppressive effect of captivity seen in control lizards here and as a 
general pattern in other studies with captive P.i. wilhelmi (chapters 2-4). 
 
Implication of my findings 
Overall, my study considered four hypotheses to explain signal constraints in sexually-
selected trait development and maintenance in male P i wilhelmi. The 
immunocompetence handicap hypothesis, the stress-linked immunocompetence handicap 
hypothesis, the idea that corticosterone modulates signals independently, or that nutrient 
quality and availability constrain signals (the oxidative stress hypothesis) are all 
supported to some degree. Thus, I cannot unequivocally state that one of the hypotheses 
is supported. All four factors (testosterone, corticosterone, corticosterone and 
testosterone, carotenoids) play a role in the constraint of signals in P.i.wilhelmi. 
Logically, each possible modulator of sexually selected traits fits with their biology: P. i. 
wilhelmi is highly aggressive and territorial, both of which are generally controlled by 
testosterone (Nelson, 2000), and therefore having testosterone as a signal mediator is 
logical because this is indicative of fighting ability and aggression (Whiting et al., 2006) 
and male-specific behaviours such as mate-guarding (Saino & Møller, 1995). Frequent 
agonistic encounters between rivals would involve changes in corticosterone levels 
(Summers et al., 2005), particularly in subordinate males which generally show a 
dramatic increase in stress following losing a fight (Creel, 2001). If corticosterone acts as 
a signal mediator it could indicate male quality as they cope with stressors and still 
maintain signals (Bortolotti et al., 2009a). Since dominant males often have different 
levels of corticosterone in response to agonistic encounters, this could also signal social 
status (Creel, 2001) which fits with the handicap hypothesis which predicts that costs to 
signalling are different for high and low quality individuals (Grafen, 1990). Such 
encounters are also shaped by dominance and territorial behaviour which means that it is 
likely that corticosterone and testosterone interact in the acquisition and defence of 
territories. Fruit availability is patchy in the landscape (pers obs) and so food quality 
would be variable and consequently lizards that were able to maintain high-quality 
territories would have access to high-nutrient food and therefore display more intense 
ornaments, based on available carotenoids. To discount all of the models in favour of one 
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would eliminate a large part of the actual influence and interplay between signal 
modulators. 
 
To my knowledge, this work is one of the most integrative studies of the effects of 
corticosterone, testosterone and carotenoids on signal constraint, and their interaction. 
The hypotheses that I tested are well-established in the literature, and there are several 
points which overlap, such as known effects on immunocompetence. Nonetheless, the 
study of constraints on signalling follows separate lines of investigation and there is very 
little research on interactive effects of signal modulators (Blas et al., 2006). This is 
despite a call for a more integrative approach in studies in behavioural ecology for over a 
decade (e.g., Irschick & Garland, 2001).  
 
Conceptual framework 
Table 1 compares the currently available evidence in the literature of the effects of 
corticosterone, testosterone and carotenoids on signals, performance, immunocompetence 
and body condition. This is not an exhaustive representation of the available literature, 
because I have chosen to represent the available information for species in which most 
aspects of signal constraints have been studied. While some species have been quite 
thoroughly tested, notably zebra finches (Taenopygia guttata) (e.g., Alonso-Alvarez et 
al., 2007a; Cynx et al., 2005; McGraw & Ardia, 2003) and barn swallows (Hirundo 
rustica) (e.g., Saino et al., 1997; Saino et al., 2002; Saino et al., 1995), my study is the 
most comprehensive investigation into these signal constraints to date.  
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Table 1. A comparison of studies on signal constraints, my results, and original predictions based on the literature. Data were obtained 
from 36 selected studies on various species. Arrows show the direction of effect and numbers correspond to references. Orange blocks 
indicate agreement with the predictions; grey blocks indicate partial disagreement and dark grey blocks show total disagreement. 
White blocks indicate no data. At the bottom there is a summary of the matching of predictions to results with a tick indicating 
agreement, a cross indicating disagreement and a question mark when the information is equivocal. 
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Predictions  ↑  ↓  ↑  ↓  ↓  ↓  ↓  ↓  ‐  ↓↓  ‐  ↓↓ ↑  ↑  ↑  ↑   
Platysaurus 
intermedius wilhelmi 
(common flat lizard) 
↑  ↓ in 
free‐
living 
males 
 
↑  ‐  ↑
↓ 
‐  ↓
↓ 
‐  ↑
↓‐ 
‐  ↓  ‐  ↑  ↑  ↑  ‐  Chapters 2‐5 
Urosaurus ornatus 
(tree lizard) 
↑ 
(1,2) 
  ↑ 
(4) 
    ↓ 
(3) 
                    (1.Weiss & Moore, 2004; 
2. Hews & Moore, 1995; 3. 
French et al., 2006; 4. 
Robson & Miles, 2001) 
Norops sagrei  
(brown anole) 
↑ 
(2, 4) 
  ‐ 
(5) 
↑ 
(growth 
rate) 
(2) 
↓ 
(3) 
    ↑ (5)          ‐ 
(1) 
      (1. Steffen et al., 2010; 2 
Cox et al., 2009; 3. Tokarz, 
1987; 4. Tokarz et al., 
2002; 5. Tokarz et al., 
1998) 
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Predictions  ↑  ↓  ↑  ↓  ↓  ↓  ↓  ↓  ‐  ↓↓  ‐  ↓↓ ↑  ↑  ↑  ↑   
Taenopygia guttata  
(zebra finch) 
↑ 
(1) 
↓ (3) 
‐  (7) 
  ‐ (1) 
↓(5) 
  ↑↓ 
(6) 
  ↑ 
(6) 
  ↑ 
(5) 
    ↑ 
(2) 
↑ 
(4) 
    (1. Cynx et al., 2005; 2. 
McGraw et al., 2003; 3. 
Alonso‐Alvarez et al., 
2007b; 4. McGraw & 
Ardia, 2007; 5. Roberts et 
al., 2007c; 6. Roberts et 
al., 2007b; 7. Birkhead et 
al., 1998) 
Carduelis tristis 
(American Goldfinch) 
↑ 
(2) 
↑  
(2) 
                    ↑  ‐ 
(1) 
    (1. Navara & Hill, 2003; 2. 
McGraw et al., 2006a) 
Euplectes ardens (Red‐
collared widowbird) 
↑ 
(2) 
                      ↑ 
(1) 
↑ 
(1) 
    (1. Pryke et al., 2001; 2. 
Pryke & Andersson, 2003) 
Hirundo rustica (barn 
swallow) 
↑ 
(4) 
↓ 
(3) 
‐ 
(5) 
    ‐ (2) 
↓ 
(6) 
            ↑ 
(1) 
      (1. Saino et al., 1999; 
2.Saino et al., 2002; 
3.Saino et al., 1995; 4. 
Saino & Møller, 1994; 5. 
Saino et al., 1997; 6. Saino 
et al., 2003) 
Gasterosteus aculeatus  
(three‐spined 
stickleback) 
↑ 
(2) 
↓ 
(2) 
                    ↑ 
(1) 
↑ 
(1)  
    (1. Folstad et al., 1994; 2. 
Kurtz et al., 2007) 
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Study species  Testosterone  Corticosterone  testosterone x 
corticosterone 
carotenoids  References 
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Predictions  ↑  ↓  ↑  ↓  ↓  ↓  ↓  ↓  ‐  ↓↓  ‐  ↓↓ ↑  ↑  ↑  ↑   
Panorpa vulgaris 
(scorpionfly) 
↑  ↓ 
(only old 
animals) 
                            (Kurtz, 2007) 
Madrillus sphinx 
 (Mandrill baboon) 
‐  ↓      ‐  ↓        ↓              (Setchell et al., 2010) 
Podopus sungorus 
(Siberian hamster) 
  ↑ 
(1) 
      ↓  (3)
 ‐ (2) 
                    (1. Bilbo & Nelson, 2001; 2. Ch
et al., 2010; 3. Zysling & Dema
2007) 
pattern matching 
predictions?  9  9  9  X  ?  ?  9 X  X  ?  X  X  9  9  9 X 
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In general, testosterone enhances signals and reduces immune response, as well as 
improving performance (Table 1). This concurs with my predictions and my data, 
although while there was an effect of testosterone on immune response, this was only 
evident in free-ranging male P.i. wilhelmi. In other species there are some exceptions to 
this pattern. For example, in Mandrill baboons, testosterone did not affect signals 
(Setchell et al., 2009). Another exception is that testosterone enhanced immune response 
in American goldfinches (McGraw et al., 2006a) through its effect on upregulating 
lipoproteins. Increased testosterone also enhanced immunocompetence in Siberian 
hamsters although the mechanism is possibly a direct result of testosterone acting on 
immune cells (Bilbo & Nelson, 2001).  
 
My data matched the predictions for the effects of corticosterone in that colour patches 
became less conspicuous in their habitat and there was also a significant decrease in 
throat patch area. Platysaurus i. wilhelmi lizards with corticosterone implants also 
showed a decrease in endurance which matches my predictions. There were no effects of 
corticosterone on body condition or immune response, contrary to the prediction of a loss 
of condition and corticosterone-induced immunosuppression. The literature provides a 
more ambiguous pattern. As Table 1 shows, there are mixed results for the effects of 
corticosterone on signals and immunocompetence. For example, elevated corticosterone 
decreases signalling behaviour in brown anoles (Tokarz, 1987) which matches the 
predictions, but elevated corticosterone had no effect on signals in Mandrill baboons 
(Setchell et al., 2009). Similarly, corticosterone decreased immune response in tree 
lizards (Weiss & Moore, 2004), which matched the prediction of corticosterone having an 
immunosuppressive effect, but in other species the results were ambiguous, often with 
conflicting results in the same study species. For example, corticosterone was linked to 
immunosuppression in barn swallows (Saino et al., 2003), but another study on the same 
species found no relationship between corticosterone and immunocompetence (Saino et 
al., 2002). Despite the prediction that elevated corticosterone would decrease body 
condition through energy mobilisation (Lowry & Moore, 2006), I found no support for 
this, since my data showed no effect of corticosterone on body condition and in Table 1 
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the main pattern is for corticosterone to improve body condition, which is the case with 
zebra finches (Roberts et al., 2007c) and brown anoles (Tokarz et al., 1998). 
 
Interactions between corticosterone and testosterone are not as well tested as the effects 
of either hormone independently (Table 1). I found that the general pattern was a 
disagreement between the predictions and the literature. My data supported the prediction 
that performance in P.i.wilhelmi individuals with testosterone and corticosterone implants 
– measured as endurance – would be intermediate to that of lizards with either 
testosterone or corticosterone implants. The literature does not provide sufficient data on 
the effects of the interaction of testosterone and corticosterone and it is clear that this area 
needs more study, particularly since the most studied aspect - immunocompetence - has 
produced directly conflicting results. A combination of corticosterone and testosterone 
resulted in improved immune response in zebra finches (Roberts et al., 2007c) and 
immunosuppression in Mandrills (Setchell et al., 2009). The notable pattern in Table 1 is 
that this combination of hormones has not been studied thoroughly and so generalisations 
on the effects of testosterone and corticosterone need to be made with caution. 
 
Carotenoids generally enhance signals, immunocompetence, and performance (Table 1). 
One exception is in American goldfinches where carotenoid supplementation did not 
affect immune response despite the extensive carotenoid-based plumage seen in these 
birds (Navara & Hill, 2003). My data matched the predictions exactly:  supplemented β-
carotene P. i. wilhelmi males showed changes in signals to make them more conspicuous 
in their habitat, and improved their endurance and immunocompetence. The only point in 
which my data departed from the predictions of this theory was when there was no 
change in body condition with supplemented β-carotene. 
 
Overall, it is also quite clear that some relationships are well understood – for example in 
most cases testosterone does increase signal output and often suppresses the immune 
system, and carotenoids are often associated with increased signals and 
immunocompetence (Table 1). On the other hand, corticosterone and the interaction 
between corticosterone and testosterone are less well researched and the results often 
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contradict the predictions (Table 1). It should also be noted that the studies shown here 
(and in general) were conducted over many years and with experimental protocols that 
changed through time as technology and protocols developed. The value of an exhaustive 
approach on a single model allowed me to also trouble-shoot and develop methodology 
in order to use a consistent approach. 
 
Conclusion 
While the conflicting effects of testosterone, corticosterone, a combination of 
corticosterone and testosterone, and carotenoids on signals, condition, 
immunocompetence and endurance suggest that the development of a new model is 
necessary, I do not think that it would be practical. Due to the variation already evident in 
the literature, it is unlikely that a new model would explain any more variation than is 
already included in existing hypotheses. A model combining existing hypotheses would 
be unwieldy and probably only predict signal constraints for a small group of animals that 
shared similar behavioural traits and physiology. There is also a possibility that other 
factors may be involved. For example, exogenous testosterone in zebra finches has an 
immunosuppressive effect, but this is countered by an associated increase in leptin 
(Alonso-Alvarez et al., 2007b). Generally, some aspect of male signals are fixed 
organisationally, such as dewlap type in tree lizards (Urosaurus ornatus) (Hews & 
Moore, 1995) or ventral colouration in Sceloporus undulatus (Cox et al., 2005a) but other 
signals are under activational control, such as femoral pore secretions and throat colour in 
tree lizards (Hews & Moore, 1995). Until such time as when we can understand and 
predict which aspects are organisationally and activationally controlled, we will not 
understand which signals are condition-dependent and which indicate genetic quality.  
 
Rather than a new, all-encompassing (and probably also unreliable) model, a new 
research approach is needed. Instead of assessing the overriding signal modulator in 
every case, we should be taking a multifaceted approach to studying constraints on 
signalling by testing whether a factor (such as testosterone or corticosterone) plays a role 
in modulating signals and if so investigate the extent of its influence as well as the 
associated physiological and behavioural repercussions, as I have done here. There are 
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variable responses to manipulations in different hormones and nutrients. For example, in 
American goldfinches experimentally elevated testosterone improved immune response 
(McGraw et al., 2006a), while in several other species such as wall lizards (Podarcis 
muralis) exogenous testosterone suppressed immunocompetence (Martín et al., 2008). 
This variability means that a global integrative model for constraints on sexually selected 
traits is unlikely to work for many species. 
  
We should also be focussing on the biological significance of what we can learn from 
signal constraints. By investigating the relative importance of different signal modulators, 
we can begin to generate functional hypotheses and explanations for the selective 
pressures that have influenced signalling through their constraints. For example, zebra 
finches (Taenopygia guttata) use carotenoids to counteract the immunosuppressive 
effects of testosterone (McGraw & Ardia, 2007). It would be interesting to establish 
whether this relationship is evident in other species, particularly since there is evidence 
for a positive link between testosterone and carotenoid bioavailability (Blas et al., 2006). 
Furthermore, we could investigate the relative role of carotenoids on the immune system 
of animals that do not display carotenoid-based coloration, such as mammals to ascertain 
whether their sexually selected or condition dependent traits change as a result of 
supplementation. 
 
Another point of interest would be to investigate the differences between signals which 
are generated over a short time period and become fixed, such as horns, or bird feathers, 
and plastic signals such as colours in bird beaks, and skin in fish and lizards which can 
change over time and require maintenance of circulating hormone or carotenoid levels. 
There is also the possible effect of social control, for example in Psammodromus algirus 
lizards, develoment of nuptial colouration in sexually maturing lizards is delayed by the 
presence of large males. Small male P. algirus with experimentally manipulated 
colouration to resemble large males were attacked significantly more often than large 
males with the same colour or small males who had not yet developed the colouration 
(Martín & Forsman, 1999). Another interesting topic would be to compare the 
predominance of corticosterone-based signals in systems with solitary social systems 
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when compared to large groups with a multitude of stressful social interactions. For 
example, in Mandrill baboons (Mandrillus sphinx) high levels of social interaction and 
aggression result in increased corticosterone levels which correlate with gut parasite load. 
Despite this classic relationship between social stress, corticosterone and parasite load, 
there was no effect of these changes in corticosterone on ornamentation (Setchell et al., 
2009). 
 
The integration of understanding by using a multidisciplinary approach involving 
collaboration between the ultimate approach of behavioural ecologists and proximate 
approaches of physiologists may provide a level of understanding that either side is 
unable to produce independently. While there is definitely a drive towards integrating 
factors such as behavioural ecology, physiology and performance, in general the field is 
very much broken into camps. There are very few studies which investigate more than 
one effect of a hormone on an animal’s physiology, and behavioural ecologists often test 
many different aspects of fitness and signal quality without appropriately investigating 
the physiology behind it. Partnerships between chemists, biologists, immunologists and 
endocrinologists are required if we are going to achieve a better understanding of signal 
costs or male quality might provide.  
 
In conclusion, my study is the most comprehensive and consistent study of its kind on 
constraints in signalling to date, and provides some support for four major hypotheses. 
An integrative approach to studying constraints on signalling provides a much 
information, and further investigation into interactions, for example between testosterone 
and carotenoids, might explain inconsistencies in the literature.  
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